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Chapter 1
Introduction
1.1 Song elaboration and sexual selection
Song is a learned vocalization in oscine songbirds and a key aspect of their behavior1. At its
simplest, song is used for species recognition2,3, as the songs of different species are distinct from
one another; however, it is also used for communication between and within sexes4 (Figure 1.1A).
For example, males use song to announce and defend territory boundaries to other males5,6. In
some species, males engage in song-matching competitions to show aggression or establish domi-
nance4. Males also use song to attract females, and males that do not sing a species-typical song are
unlikely to find a mate1. While this dissertation focuses on male singing behavior, females duet
with males in some species7, and the field has become increasingly aware that in many species
where it was assumed that only males sing, females also sing, if only rarely7,8. Overall, song
is critical for bird communication and strongly linked to reproductive success. Therefore, study-
ing song may provide key insights into songbird ecology, learned behaviors, sexual selection, and
evolutionary processes more broadly.
What benefit do females gain from listening to male song? Song has been proposed to act as
an honest signal of male fitness10. Indeed, reduced developmental stress11,12, reduced parasite
loads13,14, and greater age15–17 have been linked to higher song quality. Thus, by choosing males
with superior song, females can select for healthier, more experienced males. Indeed, it has been
shown that females prefer males that display higher quality song18,19. Song quality is often broken
into two categories: Song performance includes traits such as song duration, trill rate, and maxi-
mum frequency. Song complexity or elaboration focuses on song or syllable repertoire size, where
syllables are distinct sound units within songs.
Different species have markedly different syllable repertoire sizes, where syllables are unique
sound units in birdsong (Figure 1.1A-C). For example, chipping sparrows (Spizella passerina)
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Figure 1.1: Purposes of song and between species differences. (A) This sonogram shows an ex-
ample song of the northern cardinal (Cardinalis cardinalis, recorded by Brian Hendrix, accessible
at https://www.xeno-canto.org/466698). Each dark trace in the sonogram is a visually represen-
tation of a syllable — a distinct sound unit in the song. Songs are used to attract females and
engaged in competitions with other males. (B) Example song of the house finch (Haemorhous
mexicanus, recorded by Paul Marvin, accessible at https://www.xeno-canto.org/481935). (C) Ex-
ample song of the northern mockingbird (Mimus polyglottos, recorded by Phil Brown, accessible
at https://www.xeno-canto.org/433083). (A-C) show the remarkable variability in syllable reper-
toire size between species, where cardinals only know a handful of syllables, house finches know
on average 40 syllables and mockingbirds know hundreds of syllables9.
have a repertoire of one syllable20, while nightingales Luscinia megarhynchos have a repertoire of
over one thousand syllables21. If the one-syllable chipping sparrow song is sufficient for species
recognition, territory defense, and mate attraction, why do most songbirds have substantially larger
syllable repertoires22–24? Song has long been considered a sexually selected trait23,25,26. If females
prefer more elaborate song, and if song elaboration is heritable, then the population should shift to
larger syllable and/or song repertoire distributions over evolutionary time. As stated above, female
preferences for larger repertoires have been demonstrated in some species, but song is a cultural
trait that is vertically inherited from a father to his chicks in only some species27,28. In most
species, chicks learn obliquely from unrelated males29. This would seem to disrupt the heritability
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of high-quality song. However, females can develop song preferences based on their father’s song
that they later use to inform mate choice30,31. Males may also develop song preferences from their
father that affect tutor choice, although this possibility has not yet has not been tested. Furthermore,
previous research has shown that young males attend to social interactions between adults and are
more likely to learn from males that are successful in these interactions32–34. Thus, even if chicks
learn only obliquely, superior song is transmitted across generations, because chicks learn from
socially successful males.
Although it seems intuitive that sexual selection for larger repertoire sizes would explain elab-
orate repertoires, the evidence for sexual selection on song elaboration has been mixed. Many
laboratory studies have shown that females display more copulation responses when presented
with more elaborate songs — even in species with very small repertoires — but these preferences
are not always acted upon in the wild18. Indeed, it seems likely that song performance35–38,
plumage39–41, lekking42,43, and dance displays44 may be more salient cues for male fitness in
some species. Thus, it is not clear which species show strong correlations between individual male
song elaboration and reproductive success. It is also unknown whether birds that do show a strong
correlation share life history traits with one another that other songbird species lack.
1.2 Song learning
One might hypothesize that a behavior as important for reproduction as song would be in-
nate. Indeed, the song of suboscines — the outgroup clade to the vocal-learning songbirds — is
largely or entirely innate and does not require social learning to produce4,45,46. There are some
putative, innate characteristics of oscine (songbird) songs47–49; however, these species must also
listen to adult males (tutors) to develop a species-typical song50,51. Interestingly, no known lin-
eages of songbirds have lost the ability to learn song. Even though all songbirds learn their song,
different species learn for varying lengths of time. The length of the song-learning window varies
continuously, but birds are typically broken into two groups4,52,53. One group, “age-limited” or
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“closed-ended” learners, have a set developmental window within which they must hear, prac-
tice, and crystallize their adult song. Crystallization occurs during or before the onset of sexual
maturity and is correlated with plumage maturation in many species54. The second group, “open-
ended” learners, can continually or seasonally add, subtract, and/or alter syllables or songs in their
repertoire past sexual maturity.
Although these definitions are straightforward, assessing whether a species exhibits adult learn-
ing is far more complex. For example, in the field, if a male sings a syllable in his second year
that he did not sing in his first year, it cannot be determined whether this “new” syllable was the
result of adult learning, or if the male learned it previously as a chick or fledgling and is only now
expressing that syllable55,56. In the lab, an experimenter can control what sounds a male hears for
his entire life, but assessing the length of the song-learning window would require years-long ex-
periments57–60. Furthermore, birds may behave differently in the lab than they do in the wild61,62.
A reasonable proxy for whether birds learn in adulthood that is more easily studied in the field is
song stability — whether individuals of a species are observed to modify their syllable repertoires
as adults. Open-ended learners are likely to modify their adult syllable repertoires over time, while
closed-ended learners would likely have adult songs that are stable from year to year. Therefore,
I define species that cease learning before the end of the first breeding season as “song-stable,”
while species that learn after this time period are deemed “song-plastic.”
It is widely believed that longer learning would provide a reproductive benefit, because males
with inferior songs as young adults could learn superior songs as they age1,4. While little research
has sought to uncover whether the evolution of the song-learning window is correlated with the
evolution of song traits, it was shown using a small subset of songbird species that longer learning
is associated with larger species-level average syllable repertoires16,17,63. However, only a limited
number of oscine species exhibit song-plasticity in adulthood. To explain this discrepancy between
the apparent utility of longer learning and its scarcity in real species, it has been postulated that
maintaining the neural plasticity for song learning in adulthood may be metabolically costly and/or
that spending longer periods of time learning and practicing song as adults would reduce the time
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Figure 1.2: Song learning in passerine species. Suboscine species hatch knowing what adult
song should sound like and can produce a species typical song without listening to adult male
tutors. In contrast, oscine songbird species must listen to adult male tutors to produce a species
typical song. Songbirds that learn for a short period of time and then crystallize their adult song and
never change it are called “closed-ended” learners. I divide closed-ended learners into two groups:
1) early closed-ended learners cease learning before their first breeding season, whereas 2) delayed
closed ended learners learn through their first breeding season. There are also the “open-ended”
learners, which are song birds that can learn and modify their songs as sexually mature adults.
Because the length of the song-learning window is difficult to quantify, I used measurements of
song stability or plasticity as a proxy for the length of the song learning window. Species whose
adult songs consist of the same syllables from year to year have song stability, and are presumed
to be closed-ended learners. Species have adult song plasticity when their adult syllable repertoire
can vary from year to year. These species are presumed to be open-ended learners.
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remaining for males to engage in other tasks, like foraging4,64. Previous research using compu-
tational models has examined the conditions under which learning arises in species that initially
have innate songs (analogous to the divergence of oscines from suboscines)65 or how song learn-
ing affects speciation66–68 and between-species interactions69. However, little has been done to
examine what selective pressures modulate the length of the song-learning window.
1.3 Purpose of this dissertation
The overall goal of this dissertation is to provide new understanding about the evolutionary
interactions between female preferences, song elaboration, and song-learning behavior. In Chap-
ter 2, I provide a new solution to the long-standing controversy over whether song elaboration
is under sexual selection in songbirds. I examined whether species-level average syllable reper-
toire or the length of the song-learning window could be used to predict the strength of the cor-
relation between individual male song elaboration and reproductive success. I found that species
with larger average syllable repertoires showed stronger correlations between individual male song
elaboration and reproductive success. Despite the expectation that song-plastic species (presumed
open-ended learners) would show stronger correlations than song-stable species (presumed closed-
ended learners), I did not find strong evidence for this possibility. Overall, my results suggest that
when females prefer more elaborate songs, this creates a selection pressure that leads to the evo-
lution of larger average syllable repertoire sizes. Furthermore, this pressure persists even after
a species has evolved a large average syllable repertoire. This chapter is adapted from my arti-
cle, Species-level repertoire size predicts a correlation between individual song elaboration and
reproductive success, which was published in Ecology and Evolution9.
In Chapter 3, I tested whether there was correlated evolution between the length of the song-
learning window and seven song traits (syllable repertoire size, song repertoire size, syllables per
song, song duration, intersong interval, song rate, and song continuity). If such correlated evolution
exists, this would strengthen the hypothesis that sexual selection on song features can indirectly
drive the evolution of the song-learning window. Song-plastic species had larger syllable and song
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repertoires than song-stable species, but they were not significantly different for the other five song
traits. Nonetheless, intersong interval, song duration, and song rate evolved faster in song-plastic
species. I initially saw no difference in the rate of evolution for song or syllable repertoire size
between song-stable and song-plastic species. However, when I divided the song-stable group into
early song-stable (song crystallization before the first breeding season) and delayed song-stable
(song crystallization after the onset of the first breeding season and prior to the end of that breed-
ing season), I found that delayed song-stable species and song-plastic species evolved their song
repertoire sizes faster than early song-stable species. Together, this suggests that longer learning
allows song elaboration to evolve faster, but it only evolves directionally to larger repertoire sizes
when birds continue to learn beyond their first breeding season. While other song traits evolve
more quickly in song-plastic species, they do not evolve directionally. Potentially, these features
evolve faster in song-plastic species because song structure or performance must change to allow
for larger syllable and song repertoire sizes, but there are multiple ways to achieve this. Finally, I
found that larger repertoires in song-stable species and smaller repertoires in song-plastic species
were evolutionarily unstable; species in these states were predicted to quickly change either their
song stability state or average species repertoire size. This chapter is adapted from my co-authored
article with Kate T. Snyder, Correlated evolution between repertoire size and song plasticity pre-
dicts that sexual selection on song promotes open-ended learning, which was published in eLife70.
In Chapter 4, I introduce an agent-based model that I designed to study the evolution of syl-
lable repertoire size and the duration of song learning in the presence of female preferences for
either 1) larger syllable repertoires, 2) songs that match a female template, or 3) a mix of both. I
also allow males to use one of three primary learning strategies: 1) Add, where males attempt to
learn all syllables they hear from a tutor. 2) Add/Forget, where males attempt to learn all syllables
they hear from a tutor but also attempt to forget any syllables they know but did not hear from a
tutor. 3) Conformity, where a male samples multiple tutors and attempts to learn new syllables
based on conformity bias and attempts to forget any syllables that no tutor sang. I found that the
Add strategy was the most valuable learning strategy (males evolved the longest learning windows)
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when females preferred larger repertoires. The Conformity strategy was the most valuable when
females preferred songs that matched a template (males evolved the highest template-matching
accuracy). Interestingly, the Conformity strategy also seemed to be the best at balancing mixed
female preferences, because it was the only learning strategy that allowed males to evolve some-
what larger syllable repertoires without losing the main syllables that the females preferred. I also
examined whether shorter song-learning windows could evolve in the absence of a fitness cost on
longer learning. I was surprised to discover that the hypothesized survival cost on extended leaning
was not necessary; apparently, certain combinations of female preferences and learning strategies
led to a reduction in song quality the longer males learned, so extended learning was lost from
the population. While it still seems likely that extended learning imposes some metabolic and/or
resource cost, I have shown that such a cost is not required to evolve shorter learning windows,
because there are cases where longer learning is itself detrimental. This chapter is adapted from
my article Modeling the evolutionary interactions of sexual selection and learning strategies on
the duration of song-learning in birds, which is in revision at PLOS Computational Biology71.
In Chapters 5 and 6, I briefly explore additional unpublished results I generated using my
computational model for two additional lines of inquiry. First, I examine the factors that allow the
formation and maintenance of regional song dialects in birds (Chapter 5). I found that socially
informed tutor choice was critical for dialect formation and that dialects can be formed and main-
tained via two mechanisms. Second, I examine how the interactions between a wider range of
female preferences and male song learning strategies affect song evolution (Chapter 6). I found
that direct selection on song was required to evolve large repertoire sizes; I never saw cultural
hitchhiking occur when females copied one another’s mate choices. Furthermore, some learning
strategies always led to smaller repertoires regardless of female preferences. Finally, in the absence
of vertical learning, conformity learning allowed males to maintain common initial syllables in the
population to the end of the simulation, even when females preferred larger repertoires.
In Chapter 7, I discuss the overall limitations and caveats of my body of work and synthesize
all of my empirical and theoretical findings to provide a coherent set of new hypotheses that can
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be tested in the field. Finally, I outline a series of necessary ecology research programs to move
my work forward, and suggest features that could be added to my computational model to allow it
to examine additional questions.
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Chapter 2
Species-level repertoire size predicts a correlation between individual song elaboration and
reproductive success 1
2.1 Introduction
High-quality song has been associated with genetic, environmental, and cultural fac-
tors11–13,72–74. While song is culturally transmitted in songbirds, a high-quality song could be
associated with a better genetic background, increased learning ability, a higher quality tutor, a
less stressful environment, or some combination, all of which could correlate with fitness. Thus,
individual song elaboration, an aspect of song quality, has long been hypothesized to be important
in sexual selection15,23,26,75–83. Song elaboration could be indicative of males that can achieve
greater reproductive success (1) by having greater reproductive output and leaving more offspring,
and/or (2) by having increased mating success if females prefer males with larger syllable or song
repertoires. For example, repertoire size has been linked to paternal effort in feeding nestlings84
and the number of eggs laid by a female83, both of which would potentially increase reproductive
output. In addition, laboratory studies in numerous species have suggested that female songbirds
tend to prefer more elaborate songs, which would link song and syllable repertoire size to mate
choice80,81,85–89.
However, cross-species analysis of the literature seeking to correlate individual song elabo-
ration with reproductive success has not revealed a strong relationship between the two. One
review18 found that while females show increased copulation responses to recordings of larger
repertoires in many laboratory experiments (∼80% of studies), field studies were much less likely
to find a relationship between song elaboration and mate choice (∼35% of studies). A subsequent
quantitative meta-analysis consisting of only field studies19 found a significant effect of song elab-
oration on reproductive success — as measured by both mate choice and reproductive output.
1This chapter is adapted from my article Species-level repertoire size predicts a correlation between individual
song elaboration and reproductive success, which was published in Ecology and Evolution9.
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However, the association was weak, with the average effect size (r) ranging between 0.1 and 0.3,
depending on how the data were incorporated into the meta-analysis and whether publication bias
was controlled for in the final dataset. Thus, there was a marked difference between the results of
these analyses18,19 and the longstanding expectation that song elaboration plays a prominent role
in sexual selection15,23,26,75–83.
To explain this discrepancy, it has been proposed that other song traits, such as performance
and stereotypy, or other factors, including territory quality and plumage, may be more influential
in female choice than song elaboration in some bird species35,90–96. Indeed, both of the afore-
mentioned analyses18,19 also proposed that song elaboration may not be under universal selective
pressure across species. If song elaboration is not under universal selection pressure, it raises a
question: is there a subset of bird species for which song elaboration correlates with reproductive
success, and do those species have anything in common?
Here, we propose two species-level traits that potentially help predict the strength of the corre-
lation between individual song elaboration and reproductive success. First, we examine an aspect
of song — species-level average syllable repertoire size — which may be larger in species un-
dergoing sexual selection. This would be comparable to tail length in birds, which represents a
particularly well-studied case of sexual selection. Numerous studies have linked within-species
tail length variation to fitness: individuals with longer tails generally have greater reproductive
success. However, there is a between-species component to these observations; tail length has
primarily been correlated with mating success in species that have elongated tails, whereas tail
length has not been correlated to reproductive success in species with shorter tails97–102. Thus,
it is likely that a species with sexual selection for tail length would, on average, have longer tails
than a species that does not (Figure 2.1). This may also be the case for syllable repertoire size; if
males with greater individual song elaboration (within-species variation) are more reproductively
successful and these males tend to produce offspring with larger-than-average repertoires, then the
average syllable repertoire size of the entire species could gradually increase under this sexual se-
lection pressure (between-species variation) (Figure 2.1). In turn, larger average species syllable
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repertoires would be a signature of this form of sexual selection. An alternative explanation that
relies primarily on reproductive output could hinge on the difficulty of learning the species sylla-
ble repertoire. It may be that fairly small average species syllable repertoires can be learned even
by less fit males, so individual song elaboration would only correlate with reproductive output in
species where the average syllable repertoire size is large enough that less fit males cannot learn
the full repertoire.
Alternatively, birds with small average species syllable repertoires might attend more closely to
song elaboration, because it is easier to discern which males have more elaborate song when each
male only produces a handful of syllables. In birds with larger average species syllable repertoires,
it would take more listening time and be more difficult for a female to discern which potential mate
shows greater song elaboration5,103. Thus, small increases in individual song elaboration may be
more meaningful in birds with smaller average species syllable repertoires, where such differences
can be quickly perceived. If this correlation is not driven by female preferences, it is more difficult
to postulate a reason why a link between individual song elaboration and reproductive output would
exist only in species with smaller average species syllable repertoires.
We also propose a second hypothesis: that the association between individual song elaboration
and reproductive success could differ between species based on the length of the song-learning
window. The length of the song-learning window varies greatly between species, but most can
be roughly divided into two categories: (1) “age-limited” or “closed-ended” learners, which learn
their song within a developmental window, and (2) “open-ended” learners, which can modify their
songs past sexual maturity4,52,53. Due to the difficulty in measuring the true length of the song-
learning window, we use the stability of a species’ adult songs over time as a proxy for it. Species
that modify their adult songs overtime (song-plastic species) are likely open-ended learners, while
those that do not (song-stable species) are likely closed-ended learners. Of note, some song-plastic
species are known to increase the overall size of their repertoires as they age15. This means that
in open-ended species, song elaboration can potentially indicate the age of a male in addition to
his song-learning capacity (Figure 2.1). Furthermore, in some species, older males are preferred
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Figure 2.1: Schematic of traits that may predict the presence of sexual selection. (A-B) Males
are ranked by tail length (longest tails at the top). (C-E) Males are ranked by song elaboration
(most elaborate songs at the top). In all cases, the male with the highest reproductive success is
marked by a star. If males with more exaggerated tails are more reproductively successful, due
to female preference or genetic superiority, and if tail length is heritable, it is expected that the
species distribution will shift toward more exaggerated phenotypes. In this case, one would predict
that sexual selection for exaggerated tails is more likely occurring in species with longer average
tail lengths (A) than in species with shorter average tail lengths (B). In this same line of thinking,
if males with more elaborate songs are more reproductively successful and song elaboration is
heritable, then one would predict that sexual selection for more elaborate song is more likely oc-
curring in species with a large average syllable repertoire (C) than in species with a small average
syllable repertoire (D). Alternatively, if males can learn more syllables as they age (open-ended
learners/song-plastic species), syllable repertoire size could act as a signal for male age (E). Fe-
males may prefer older males, because they have more breeding experience than their younger
counterparts and have proven their survival capability. Thus, females would prefer mates with
larger repertoires if repertoire size correlates with age. In contrast, in closed-ended learners (song-
stable species), where song cannot signal age, females would not prefer more elaborate songs.
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over younger males104,105, and, more generally, longevity might be a signal of high genetic quality
or greater foraging experience106–109 (however, see110). Therefore, we hypothesize that females
from species with plastic adult songs would prefer greater song elaboration more than song-stable
species, in which song elaboration cannot signal age.
In this study, we attempt to determine whether species average syllable repertoire size or song
stability can predict the strength of the correlation between individual song elaboration and re-
productive success. Using a Bayesian multi-level phylogenetic meta-analysis of available field
data, we observed that larger species average syllable repertoires predict for a stronger correla-
tion between individual song elaboration and reproductive success, whereas song stability versus
plasticity did not predict the strength of this correlation.
2.2 Methods
2.2.1 Data and code availability
https://github.com/CreanzaLab/RepertoireSizeReproductiveSuccess
2.2.2 Data collection
We compiled the list of references in three stages (Workflow in Figure 2.2): Stage 1) we ob-
tained field studies that examined the link between individual song elaboration (number of songs
or syllables) and reproductive success (reproductive output or mating success) from the references
included in the reviews by Byers and Kroodsma18 and Soma and Garamszegi19. Additionally,
we searched for relevant studies published since these reviews using the terms “bird” and “song
complexity,” “song versatility”, or “repertoire” in combination with “mating success”, “reproduc-
tive success,” or “mate choice” in Google Scholar, Web of Science, and ProQuest Dissertation
and Theses Global database, which yielded 11 more field studies and 1 thesis with data that was
unpublished at the time of data acquisition. This led to a total of 57 studies and 1 thesis. How-
ever, 10 studies were discarded, because they correlated reproductive success with aspects of song
other than elaboration as we defined it. In the studies that remained, individual song elaboration
14
was measured by either song repertoire size (unique number of songs per individual) or syllable
repertoire size (unique number of syllables per individual). We included studies that measured
the association between reproductive success and either of these song elaboration metrics, because
syllable repertoire size and song repertoire size are correlated between species (Figure 2.3) and
are likely also correlated within species. For information regarding which studies correlated what
form of song elaboration with reproductive success in which species, see columns 1-3 of STable
1: All Measurements (available on GitHub).
Stage 2) We performed a literature search using Pubmed, Web of Science, and Google Scholar
to gather information on the average syllable repertoire size for each species identified in Stage 1.
Species syllable repertoire was defined as the average number of distinct syllables produced across
individuals24. Although many of the studies gathered in Stage 1 examined the correlation between
syllable repertoire size and reproductive success, they often did not report the average species syl-
lable repertoire size, so we searched for other sources (source per species noted in brackets in
AnalysisData.csv (available on GitHib); bracketed references align with Appendix A.1). Studies
with average species syllable repertoires were found using the following search terms: Passeri-
formes or [species name] in combination with “song syllables”, “song complexity”, and “syllable
repertoire.” For four species in the full dataset, information on the average species syllable reper-
toire size could not be found or was ambiguous, so we manually counted the unique syllables sung
by individual birds using sonograms of song recordings downloaded from xeno-canto.org111. We
were able to calculate the average number of syllables across individuals for two of these species
(see Appendix E).
Stage 3) we performed another literature search to gather information on the length of the song-
learning window, using song stability over time as a proxy. Species that sang new syllables after
sexual maturity — either by exchanging an old syllable for a novel one or by incorporating a new
addition — were considered to have plastic songs. Studies with information about song stability
were found using the following search terms: [species name] or [common name] in combination
with “open-ended”, “close-ended”, “closed-ended”, “age-limited”, “crystal*”, “adult learning”,
15
Byers and Kroodsma 2009
Soma and Garamszegi 2011
+ search for papers past 2010
58 studies, 28 species
48 studies, 28 species
134 measurements
17 measurements:
not enough information
20 measurements:
subsets of the same data
5 measurements:
controlled for other variables
1 measurement:
looked at rare song
A
B
C
D
E
10 studies: did not measure repertoire
complexity or had N<4 birds
Full dataset: 
43 studies, 91 measurements, 27 species
Repertoire size information for:
41 studies, 86 measurements, 25 species
Song stability data available for:
35 studies, 77 measurements, 20 species 
Figure 2.2: Schematic of dataset formation. (A) 57 studies and 1 thesis were compiled from
the references in Byers and Kroodsma18, Soma and Garamszegi19, and a search for studies and
theses published after these analyses. (B) we discarded 10 studies, because they either did not
measure song elaboration or studied fewer than 4 individuals. (C) We derived 134 measurements
from the remaining 48 studies. (D) We discarded 43 measurements for the reasons listed. (E) The
full dataset contained 43 studies (42 papers and 1 thesis), 91 measurements, and 27 species.
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Figure 2.3: Song and syllable repertoire size are correlated between species. Each dot rep-
resents a species from this study. All species for which we had a measurement for the average
syllable repertoire were included except Phylloscopus fuscatus, for which we did not have a mea-
surement of the average song repertoire size. Spearman’s ρ and associated p-value included on
plot. Song repertoire data obtained from Snyder and Creanza 201924. Specific references for each
species are found in AnalysisData.csv (available on GitHub), where square-bracketed numbering
matches the references in Appendix A.1
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and “song changes.” Information on the song stability of several species was not available (see
Table 2.1). Information on the species average syllable repertoire size existed for all species for
which we found information regarding song stability.
2.2.3 Dataset formation
From the 48 field studies that remained, we compiled 134 relevant measurements (see STable
1: All Measurements (available on GitHub)). These commonly used measurements of reproduc-
tive success were categorized as follows:
Number of females: how many social mates a male attracts. Males that attract more females are
assumed to be more successful.
Latency to pairing date or laying date: these two measures are traditionally used as a measure
of reproductive success, because attractive males should pair first. Additionally, birds that
produce offspring sooner have a better chance of parenting a larger brood112 or multiple
broods in a single breeding season113–117. Chicks born earlier in the season also tend to be
more viable1,117.
Extra-pair paternity: this is often considered a metric of reproductive success because males that
sire offspring in extra-pair matings are assumed to be more attractive to females. However, it
has been suggested to be an unreliable metric; see19,118,119 and Table 2.2 and results below.
Clutch size or number of offspring/recruits: these three measures are affected by both male and
female genetic quality; however, it has been shown that females exposed to more elaborate
songs can respond by producing larger clutches83, so male song quality can also potentially
affect this metric. The number of offspring or number of recruits (offspring that return to the
parental territory) are related to the genetic fitness of males and females, but also to parental
investment.
Measurements of the correlation between individual song elaboration and reproductive success
(as defined above) that were not Pearson’s correlation coefficient values (r) were converted into
18
r values using standard methods120–122, see also ()-to-r Converters.R (available on GitHub) for
the exact calculations. Because negative correlations indicate a stronger relationship between in-
dividual song elaboration and reproductive success in latency to reproduction measurements, all
latency measurements were multiplied by 1 (as in19). We converted r values into Fisher’s Z values
via Fisher’s r-to-Z transformation, because Fisher’s Z values have normally distributed variance
— a criterion for variance estimation in the meta-analysis. This transformation leads to a slight
positive bias, so we applied the recommended transformation prior to conversion to correct for that
bias123. In total, 43 measurements were removed from the analysis for the reasons covered in Fig-
ure 2.2 and are labeled by their reason for exclusion in STable 1: All Measurements (available
on GitHub). We created three primary datasets:
Full Dataset: includes all species for which we found measurements that correlated individual
song elaboration with reproductive success, even if we could not obtain information on the
species average syllable repertoire size or song stability state (91 correlation measurements,
27 species).
Species Average Syllable Repertoire Dataset: subset of the species for which we found or
counted species average syllable repertoire sizes (86 correlation measurements, 25 species).
Song Stability Dataset: subset of the species for which we found information on song stability
(77 correlation measurements, 20 species).
See Table 2.1 for the list of species in each dataset. We tested for funnel plot asymmetry in all
three datasets using Egger’s regression test (regtest; R package metafor)124 and the ranked
correlation test (ranktest; R package metafor)125. Some studies included measurements
of the correlation between individual song elaboration and reproductive success before and after
controlling for territory quality or other factors. In these cases, we used the measurements that
did not control for other factors in the primary datasets. We created and tested secondary datasets
which included the territory-controlled values in place of the non-controlled values.
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2.2.4 Random effects meta-analysis
For the initial meta-analytic assessment of the data, we performed a series of random effects
meta-analyses, as has been done in this field in the past19. We report these analyses in Appendix B
for full disclosure of all statistical tests used. However, the major caveats of this analysis were that
(1) it required discarding a significant portion of the data, (2) the remaining data needed to be
analyzed separately by measurement type, and (3) this style of meta-analysis does not control for
factors such as phylogenetic relatedness or non-independence of multiple measures from the same
species.
2.2.5 Bayesian multi-level phylogenetic meta-analysis
We next analyzed the data as a multi-level phylogenetic meta-analysis using the R package
MCMCglmm126. In this package, group differences are assessed by adding them as fixed effects
to meta-analytic models. Random effects can be added to account for phylogenetic relatedness,
heterogeneity, and non-independence of data as sources of variance. These complex models can be
assembled because the program uses a Markov chain Monte Carlo (MCMC) simulation to estimate
the amount of variance each of these parameters explain. We chose to include four random effects
in the meta-analytic model based on the structure of the data and the best practices suggested in
the literature127–129:
MType: effects due to the metrics of reproductive success (measurement type) used in a given
study
Phylo: effects due to the phylogenetic differences of species studied
Species: effects due to non-phylogenetic differences between the species studied
Study: effects due to non-independence of measurements coming from a given study
Because no study investigated more than one population, differences caused by assessing dif-
ferent populations of the same species would be captured in the Study random effect. We also in-
cluded a term for the standard error, which was calculated using the standard equation for Fisher’s
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Z. In this model, the user must hypothesize the amount of variance that each random effect ac-
counts for (prior) and assign a confidence (nu) to this hypothesis before running the simulation.
The priors for MType, Species, and Study were set to:
Variance(correlation between individual song elaboration and reproductive success)
(number of random effects +1)
(2.1)
We used a low confidence nu set to one (see, e.g., Supplement File 5 of128. The prior for standard
error was fixed at the values we calculated from the Fisher’s Zs. The prior for the Phylo was set
by passing a species relatedness matrix — which was calculated as described in the next section
— to the ginverse argument of MCMCglmm. To examine the amount of variance each random
effect accounted for, we tested a series of models wherein each random effect was included alone
or in combination with the others for each of these fixed effects and calculated the heterogeneity as
described previously127. Ultimately, we included all variance terms, because inclusion of all terms
led to a markedly lower Deviance Information Criterion (DIC) (Table 2.3, also see Appendix 1 of
Robinson and CreanzaA 9).
We set the fixed effect in the models as either the full population (i.e. Fisher’s Z ∼ 1), the natural
log of species average syllable repertoire size (as a continuous variable), or song stability (subpop-
ulations that were song-stable or song-plastic). All models were run for 200,000 iterations, with a
burn-in of 30,000 iterations and a thinning interval of 10 iterations. All tested models appeared to
reach convergence, because they were well mixed with peaks separated from zero (see Appendix
3 from Robinson and CreanzaA 9), and values for Gelman’s Rˆ were less than 1.1 (gelman.diag
fromR package coda)130–132. The pMCMC is a measure of the fraction of runs that estimated a pos-
terior mean greater than zero; we defined significant evidence of an effect size greater than zero in
these models as <5% of the MCMC runs estimating a posterior mean below zero (pMCMC<0.05).
We performed an additional posterior predictive test on the continuous species average repertoire
model to determine whether the model accurately predicted the correlation between individual
song elaboration and reproductive success for the species tested.
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For direct comparison to the dichotomized song stability results, we also tested the average
species syllable repertoire size dichotomized (subpopulations with relatively smaller or larger av-
erage species repertoires) and 2) average species syllable repertoire (as subpopulations) (see Ap-
pendix A.2). To dichotomize species average syllable repertoire size, we tested all possible thresh-
olds that resulted in at least two species in each group. We also tested for an interaction between
song stability and dichotomized average species syllable repertoire size (see Appendix A.2). Fi-
nally, in an attempt to disentangle mating success from reproductive output, we tested models
where only metrics of mate choice (genetic or social) or only metrics of social mate choice were
used Appendix A.2). These models were designed the same way as described for models in the
main analysis.
2.2.6 BEST analysis
We tested for between-group differences using “Bayesian Estimation Supersedes the t-Test”
(BEST) from the R package BEST133. This test returns the likelihood that the difference between
the true means of two groups is greater than zero and gives a 95% credibility interval for the
magnitude of this difference. We considered groups to be different if there was <5% chance that
there was no real difference, or this difference was in the opposite direction of what the meta-
analysis suggested.
2.2.7 Controlling for phylogenetic relationships
To control for phylogenetic effects, we performed these Bayesian meta-analyses with a phy-
logeny that we generated from publicly available data134. Using a list of all species in this study,
we extracted a set of 1000 trees via the phylogeny subsets tool on birdtree.org134. We included Say-
ornis phoebe as an outgroup to root the tree. We created a consensus tree in R using the mean edge
length method via the consensus.edges function (R package phytools135) and converted
it into a relatedness matrix for use in the Bayesian meta-analyses with the inverseA function (R
package MCMCglmm126. Species not present in a dataset were dropped from the relatedness ma-
trix before being passed to the MCMCglmm function. Because this method uses a consensus tree,
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it removes any phylogenetic uncertainty. To account for phylogenetic uncertainty, we used the R
package mulTree to generate a series of MCMCglmm models based on 100 randomly chosen
trees (two chains per tree) from the original set of 1000 trees for the following four models: 1) the
entire population model in the full dataset, 2) the song stability model in the song stability dataset,
and 3) the continuous and 4) discrete species average syllable repertoire size in the species average
syllable repertoire dataset. Models were otherwise identical to those above, except that they were
run for 400,000 iterations.
2.3 Results
2.3.1 Testing for publication bias and examining heterogeneity
To assess the effect of publication bias on these datasets, we tested for funnel plot asymmetry
using Egger’s regression test and the ranked correlation test125 in all three datasets. These tests re-
vealed no significant asymmetry (Figure 2.4), suggesting that publication bias did not significantly
affect these data. We also found no evidence for publication bias when we used territory-controlled
values in place of non-controlled values (Figure A.3.1). We examined the amount of variance that
each random effect term accounted for in the full population models and found that the way that
reproductive success was measured (MType) accounted for the most variance, while phylogeny
and other species differences accounted for little variance (Table 2.3). Because MType accounted
for the most variance, we created an additional model with it as a fixed effect. Most measurement
types show positive correlations between individual song elaboration and reproductive success,
however extra-pair paternity did not (Table 2.2). This is in line with what has been shown previ-
ously19,118,119.
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Figure 2.4: Funnel plot asymmetry. Funnel plots show the 91 measurements of the correlation
between individual song elaboration and reproductive success from the full dataset. The grey dot-
ted line represents the mean Fisher’s transformed Z. (A) Circle color becomes more red as the
average syllable repertoire size of the species increases. Black circles show measurements from
species for which the syllable repertoire size is unknown. (B) Blue circles indicate measures from
song-stable species, while red circles indicate measurements from song-plastic species. Black cir-
cles denote species for which no song stability information was available. Egger’s regression test-
ing on the full dataset (z=0.9109, p=0.3624), species average syllable repertoire dataset (z=1.5555,
p=0.1198), or song stability dataset (z=1.4782, p=0.1394) revealed no significant funnel plot asym-
metry. Ranked correlation testing on the full dataset (τ=0.0227, p=0.7523), species average syl-
lable repertoire dataset (τ=0.0539, p=0.4667), or song stability dataset (τ=0.0414, p=0.5974) also
revealed no significant funnel plot asymmetry.
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Table 2.2: Different metrics of reproductive success have different meta-analytic means.
Model tested in the song stability dataset. Females refers to measurements that counted the num-
ber of social mates obtained. Fledge refers to measurements of the number of fledglings produced.
Clutch refers to measurements of clutch size. Laying refers to measurements of the latency to lay-
ing date or latency to hatching date. These two measurements were combined, because there was
only one measurement of latency to hatching date. Recruits refers to measurements of the number
of recruits a male gained. EPP refers to measurements of extra-pair paternity.
Group #Species #Measure Post Mean 95% CredInt pMCMC
Females 5 10 0.404 [0.016;0.802] 0.045
Fledge 12 20 0.345 [−0.035;0.717] 0.059
Pairing 14 25 0.243 [−0.142;0.614] 0.147
Clutch 6 8 0.254 [−0.138;0.648] 0.151
Laying 7 11 0.219 [−0.161;0.633] 0.211
Recruits 3 6 0.224 [−0.187;0.627] 0.212
EPP 9 11 −0.182 [−0.596;0.228] 0.316
Table 2.3: Population variance in the song stability dataset. Different sources of variance
and non-independence in the data were added to the model as random effects terms alone and
in combination with the others. MType encodes the variance due to the metric of reproductive
success used to generate each measurement. Study indicates variance accounted for by studies
that reported multiple measurements. Phylo accounts for the effects of phylogeny, while Species
encompasses all remaining species-related effects. DIC stands for deviance information criterion.
Random I2 DIC
Species 53.52% 17.03
MType 39.35% 33.82
Study 62.89% −7.63
Species 11.78% 12.05
Phylo 20.28% “ ”
MType 21.24% −27
Study 43.5% “ ”
MType 33.17% −9.74
Species 6.19% “ ”
Phylo 12.16% “ ”
Study 42% −24.5
Species 4.78% “ ”
Phylo 8.39% “ ”
MType 22.7% −44.37
Species 4.05% “ ”
Phylo 7.61% “ ”
Study 19.32% “ ”
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2.3.2 The relationship between song elaboration and reproductive success across all studies
I first estimated the meta-analytic mean for the correlation between individual song elaboration
and reproductive success for the entire population (all species) using all three datasets (full, species
average syllable repertoire, and song stability dataset). The posterior means of the models using
the full dataset and the syllable repertoire dataset were not significantly separated from 0, whereas
the model using the song stability dataset was weakly significantly separated from 0 (Full Dataset:
Posterior Mean=0.213, 95% CredInt=[−0.163;0.607], pMCMC=0.193; Species Average Sylla-
ble Repertoire Dataset: Posterior Mean=0.242, 95% CredInt=[−0.021;0.521], pMCMC=0.067;
Song Stability Dataset: Posterior Mean=0.264, 95% CredInt=[0.021;0.53], pMCMC=0.042). We
obtained similar results when we used the datasets that included territory-controlled values in
place of non-controlled values (Table A.3.1) or when we accounted for phylogenetic uncertainty
(Table A.3.2). While these results across all studies were largely not significant, we note that the
magnitudes for the estimated posterior mean of the effect sizes were similar to what was reported
previously by Soma and Garamszegi19.
2.3.3 Testing the effect of species average repertoire size on the strength of the correlation be-
tween individual song elaboration and reproductive success
I examined whether there was a linear relationship between average species repertoire
size and the correlation between individual song elaboration and reproductive success us-
ing the natural log of the species average syllable repertoire size as a continuous vari-
able. The slope of this relationship was significantly greater than 0 (Intercept: Posterior
Mean=−0.356, 95% CredInt=[−0.753;0.056], pMCMC=0.081; Slope: Posterior Mean=0.167, 95%
CredInt=[0.071;0.262], pMCMC=0.001) (Figures 2.5 and 2.6). Thus, for the 25 species studied
here, this model predicts that the strength of the correlation between individual song elaboration
and reproductive success grows modestly with every natural-log increase in species average sylla-
ble repertoire size. The average syllable repertoires of the bird species studied here range from 5.1
(ln(5.1) = 1.63) to 1160 (ln(1160) = 7.06) syllables, so the model predicts that, when all other
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things are equal, the species with the smallest average syllable repertoires will show a very weak
correlation, while species with very large average syllable repertoires will show moderate-to-strong
correlations. However, we caution readers that this linear model also requires information for the
random effects we included (e.g. phylogeny and the metric of reproductive success used) to predict
values for new species; the slope and intercept presented here should not be used in isolation to
make predictions about other species (see Figure 2.5 for the distribution of effect sizes when not
accounting for the random effects). We next tested how well the data fit the model using a posterior
predictive check. This analysis has the model predict the real correlations between individual song
elaboration and reproductive success using all the predictor variables (random and fixed effects)
for each measurement. We found that the model predicted the real correlations accurately, and no
species or measurement appeared to deviate significantly from the model predictions (Figure 2.7).
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Figure 2.5: Effect sizes as repertoire size increases. The effect sizes for studies used in these
meta-analysis plotted against the average syllable repertoire size of the species studied. For species
with large repertoires, the effect sizes were generally positive, indicating a positive relationship
between individual song elaboration and reproductive success; however, for species with small- to
medium-sized repertoires, studies found a wide range of effects, both positive and negative.
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Species (Rep) [citation]
Anthus spinoletta (5.1) [14]
Anthus spinoletta (5.1) [14]
Parus caeruleus (6.5) [31]
Parus caeruleus (6.5) [31]
Plectrophenax nivalis (7.46) [40]
Plectrophenax nivalis (7.46) [40]
Parus major (7.9) [33]
Parus major (7.9) [33]
Parus major (7.9) [33]
Parus major (7.9) [33]
Parus major (7.9) [34]
Dendroica pensylvanica (10.75) [17]
Dendroica pensylvanica (10.75) [17]
Cardinalis cardinalis (14) [15]
Wilsonia canadensis (17.43) [48]
Wilsonia canadensis (17.43) [48]
Emberiza schoeniclus (18.15) [18]
Agelaius phoeniceus (18.5) [13]
Agelaius phoeniceus (18.5) [13]
Hirundo rustica (20.1) [22]
Hirundo rustica (20.1) [20]
Acrocephalus arundinaceus (22.5) [1]
Acrocephalus arundinaceus (22.5) [1]
Acrocephalus arundinaceus (22.5) [1]
Acrocephalus arundinaceus (22.5) [2]
Acrocephalus arundinaceus (22.5) [2]
Acrocephalus arundinaceus (22.5) [2]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [5]
Phylloscopus fuscatus (25.3) [35]
Ficedula hypoleuca (28.4) [21]
Ficedula albicollis (31.4) [19]
Ficedula albicollis (31.4) [20]
Phylloscopus trochilus (35.1) [38]
Phylloscopus trochilus (35.1) [38]
Phylloscopus trochilus (35.1) [38]
Phylloscopus trochilus (35.1) [39]
Melospiza melodia (38) [24]
Melospiza melodia (38) [24]
Melospiza melodia (38) [25]
Melospiza melodia (38) [25]
Melospiza melodia (38) [25]
Melospiza melodia (38) [26]
Melospiza melodia (38) [22]
Melospiza melodia (38) [22]
Melospiza melodia (38) [22]
Melospiza melodia (38) [22]
Melospiza melodia (38) [28,20]
Melospiza melodia (38) [29]
Melospiza melodia (38) [29]
Melospiza melodia (38) [29]
Carpodacus mexicanus (41.3) [16]
Carpodacus mexicanus (41.3) [16]
Sturnus vulgaris (41.95) [45]
Sturnus vulgaris (41.95) [45]
Sturnus vulgaris (41.95) [46]
Sturnus vulgaris (41.95) [46]
Sturnus vulgaris (41.95) [46]
Sturnus vulgaris (41.95) [46]
Acrocephalus bistrigiceps (55) [6]
Acrocephalus schoenobaenus (55) [9]
Acrocephalus schoenobaenus (55) [9]
Acrocephalus schoenobaenus (55) [9]
Acrocephalus schoenobaenus (55) [10]
Acrocephalus schoenobaenus (55) [11]
Acrocephalus schoenobaenus (55) [12]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [44]
Mimus polyglottos (216) [30]
Acrocephalus palustris (241) [7]
Acrocephalus palustris (241) [7]
Acrocephalus palustris (241) [8]
Acrocephalus palustris (241) [8]
Acrocephalus palustris (241) [8]
Sylvia communis (367.5) [47]
Luscinia megarhynchos (1160) [23]
nBirds
75
75
19
19
18
23
32
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Figure 2.6: Forest plot of the species average syllable repertoire dataset. Columns show the
study reference, species studied, the number of birds used to generate a measurement, the Fisher’s
Z form of the estimate, and its 95% confidence intervals. Ticks in the boxes mark the Fisher’s
Z and black horizontal lines show the confidence interval. The grey, dashed vertical line shows
the population mean. When the same study is listed in more than one row on the plot, multiple
different metrics of reproductive success were obtained from that study.
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Figure 2.7: Posterior predictive check of the continuous syllable repertoire size model. Each
black dot compares the actual correlation in Fisher’s Z between individual song elaboration and
reproductive success measured in the field (x-axis) to the value predicted for that correlation (y-
axis) when the model was given the repertoire size of the studied species and information about the
random effects (i.e. MType, Study, Phylo, and Species). The dark-grey, dashed line shows the line
of unity, where the predicted correlation is identical to the real correlation. Light grey solid lines
show the 95% confidence interval around each predicted correlation. All dots are very close to or
overlapping with the line of unity, showing that model-predicted correlations were very similar to
the real correlations.
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To test the robustness of these results, we performed a jackknife analysis where each species
was removed in turn. This did not significantly affect these results (Table A.3.3). Furthermore, we
tested whether these results were driven by the species with the smallest or largest average reper-
toires by excluding those species. The three species with the largest average syllable repertoires
could be excluded and the model still predicted a significant relationship between species average
syllable repertoire size and the correlation between individual song elaboration and reproductive
success (Table A.3.4). In addition, up to nine species with the smallest average syllable reper-
toires could be excluded, and the model still predicted a significant relationship (Table A.3.5). For
many species, there were multiple measures of species average syllable repertoire size reported
in the literature, and we used the median value for the main analysis. Using the maximum or
minimum literature-reported values instead of the median values did not significantly affect the
results (Table A.3.6), nor did using territory-controlled values in place of non-controlled values
(Table A.3.7 and Figure A.3.2), or accounting for phylogenetic uncertainty (Table A.3.2). This
finding was also robust to methodological changes in which repertoire size was broken into discrete
groups (Appendix A.2).
2.3.4 Probing the differences between species with stable or plastic songs
To examine whether song stability could predict the strength of the correlation between indi-
vidual song elaboration and reproductive success in a given species, we tested song stability as a
fixed effect using the song stability dataset (Figure 2.8). The effect size for song-stable species
was not significantly separated from zero (Posterior Mean=0.149, 95% CredInt=[−0.226;0.511],
pMCMC=0.39). The effect size for song-plastic species was predicted to be positive (Posterior
Mean=0.31, 95% CredInt=[0.034;0.594], pMCMC=0.028), but song stability did not appear to be a
reliable predictor of the correlation between individual song elaboration and reproductive success.
First, the song-plasticity estimate was not strongly significant (pMCMC=0.028), particularly when it
is considered that we tested two independent hypotheses in this dataset. Second, the song-plastic
group’s posterior mean and 95% credibility interval were qualitatively similar to those seen for
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the entire population, and its 95% credibility interval overlapped substantially with that for song-
stable species. Finally, we examined whether there was a difference between the song-stable and
song-plastic groups using “Bayesian Estimation Supersedes the t-Test” (BEST) analysis, and we
did not find evidence for a significant difference between song-stable and song-plastic species
(BEST%>0=21.7%, Mean Difference=0.075, 95% CredInt=[−0.109,0.259]). In other words,
song-stable and song-plastic species did not show a significant difference in their distribution of
effect sizes. Thus, these results suggest that song stability may not be a species trait that can reli-
ably predict the strength of the correlation between individual song elaboration and reproductive
success. However, we have few song-stable species in this dataset (6), so this hypothesis should be
re-evaluated as more data becomes available. This discrete analysis of adult song stability should
not be directly compared to the continuous analysis of species average syllable repertoire, so we
also provided a discrete analysis of repertoire size, which is concordant with the results from the
continuous analysis (Appendix A.2).
We classified a species as song-plastic if individual birds changed their repertoires over time.
This included both species that 1) increase their repertoire size with age and have the potential to
signal their age via their repertoire size, as well as 2) species that replace old syllables with new
ones and maintain a constant repertoire size overtime. To address this, we repeated this analysis,
reclassifying all studied species as those which do increase their repertoire size with age and those
that do not. The reclassification scheme did not significantly affect these results (Tables A.3.8
and A.3.9). Field studies examining song stability often examine a small number of birds, so it is
possible that one small-scale study might conclude that a species does change its repertoire when
another study might conclude that the species does not136. Therefore, we re-assigned each species
in turn to the opposite song-stability classification. This did not significantly affect the results
(Table A.3.10). Using territory-controlled measurements in place of non-controlled measurements
also did not significantly affect the results (Tables A.3.11 and A.3.12 and Figure A.3.3). Finally,
accounting for phylogenetic uncertainty also did not significantly affect the results (Table A.3.2).
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Taken together, these results do not support the hypothesis that song stability can be used to predict
the strength of the correlation between individual song elaboration and reproductive success.
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Species (Rep) [citation]
Acrocephalus palustris (241) [7]
Acrocephalus palustris (241) [7]
Acrocephalus palustris (241) [8]
Acrocephalus palustris (241) [8]
Acrocephalus palustris (241) [8]
Cardinalis cardinalis (14) [15]
Emberiza schoeniclus (18.15) [18]
Melospiza melodia (38) [24]
Melospiza melodia (38) [24]
Melospiza melodia (38) [25]
Melospiza melodia (38) [25]
Melospiza melodia (38) [25]
Melospiza melodia (38) [26]
Melospiza melodia (38) [22]
Melospiza melodia (38) [22]
Melospiza melodia (38) [22]
Melospiza melodia (38) [22]
Melospiza melodia (38) [28,20]
Melospiza melodia (38) [29]
Melospiza melodia (38) [29]
Melospiza melodia (38) [29]
Parus caeruleus (6.5) [31]
Parus caeruleus (6.5) [31]
Parus major (7.9) [33]
Parus major (7.9) [33]
Parus major (7.9) [33]
Parus major (7.9) [33]
Parus major (7.9) [34]
Acrocephalus arundinaceus (22.5) [1]
Acrocephalus arundinaceus (22.5) [1]
Acrocephalus arundinaceus (22.5) [1]
Acrocephalus arundinaceus (22.5) [2]
Acrocephalus arundinaceus (22.5) [2]
Acrocephalus arundinaceus (22.5) [2]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [3]
Acrocephalus arundinaceus (22.5) [5]
Acrocephalus schoenobaenus (55) [9]
Acrocephalus schoenobaenus (55) [9]
Acrocephalus schoenobaenus (55) [9]
Acrocephalus schoenobaenus (55) [10]
Acrocephalus schoenobaenus (55) [11]
Acrocephalus schoenobaenus (55) [12]
Agelaius phoeniceus (18.5) [13]
Agelaius phoeniceus (18.5) [13]
Dendroica pensylvanica (10.75) [17]
Dendroica pensylvanica (10.75) [17]
Ficedula albicollis (31.4) [19]
Ficedula albicollis (31.4) [20]
Ficedula hypoleuca (28.4) [21]
Hirundo rustica (20.1) [22]
Hirundo rustica (20.1) [20]
Luscinia megarhynchos (1160) [23]
Mimus polyglottos (216) [30]
Phylloscopus fuscatus (25.3) [35]
Phylloscopus trochilus (35.1) [38]
Phylloscopus trochilus (35.1) [38]
Phylloscopus trochilus (35.1) [38]
Phylloscopus trochilus (35.1) [39]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [43]
Sturnella neglecta (86) [44]
Sturnus vulgaris (41.95) [45]
Sturnus vulgaris (41.95) [45]
Sturnus vulgaris (41.95) [46]
Sturnus vulgaris (41.95) [46]
Sturnus vulgaris (41.95) [46]
Sturnus vulgaris (41.95) [46]
Sylvia communis (367.5) [47]
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0.17
0.498
0.581
0.714
0.055
−0.367
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0.603
0.395
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0.86
0.642
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0.432
0.639
0.12
0.643
0.307
0.329
0.034
0.486
−0.119
0.193
−0.089
0.079
0.286
0.375
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0.099
−0.11
0.443
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0.254
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0.399
0.438
1.274
−0.3
−0.73
−0.169
0.415
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0.03
−0.343
−0.155
0.307
0.171
−0.148
0.561
0.926
−0.141
−0.003
0.796
0.048
0.782
0.601
0.566
0.615
0.594
0.586
0.506
0.377
0.708
−0.437
1.272
0.982
0.944
0.817
0.67
[95% CI]
[ −0.268 ; 0.609 ]
[ 0.06 ; 0.937 ]
[ 0.21 ; 0.951 ]
[ 0.344 ; 1.084 ]
[ −0.315 ; 0.425 ]
[ −0.829 ; 0.095 ]
[ −1.044 ; −0.227 ]
[ 0.367 ; 0.839 ]
[ 0.077 ; 0.713 ]
[ −0.341 ; 0.583 ]
[ −0.638 ; 0.494 ]
[ −0.532 ; 0.95 ]
[ 0.317 ; 1.404 ]
[ 0.368 ; 0.916 ]
[ 0.203 ; 0.757 ]
[ 0.157 ; 0.706 ]
[ 0.275 ; 1.003 ]
[ −0.272 ; 0.512 ]
[ 0.392 ; 0.894 ]
[ 0.037 ; 0.576 ]
[ 0.078 ; 0.58 ]
[ −0.456 ; 0.524 ]
[ −0.004 ; 0.975 ]
[ −0.482 ; 0.245 ]
[ −0.427 ; 0.813 ]
[ −0.453 ; 0.275 ]
[ −0.285 ; 0.443 ]
[ 0.064 ; 0.508 ]
[ 0.183 ; 0.567 ]
[ 0.206 ; 0.59 ]
[ 0.194 ; 0.579 ]
[ −0.053 ; 0.62 ]
[ 0.195 ; 0.868 ]
[ 0.294 ; 0.967 ]
[ −0.248 ; 0.445 ]
[ −0.365 ; 0.146 ]
[ 0.163 ; 0.723 ]
[ −0.256 ; 0.335 ]
[ −0.021 ; 0.632 ]
[ −0.506 ; 0.085 ]
[ 0.026 ; 0.482 ]
[ 0.158 ; 0.975 ]
[ 0.029 ; 0.769 ]
[ 0 ; 0.877 ]
[ 0.533 ; 2.015 ]
[ −0.79 ; 0.19 ]
[ −1.471 ; 0.011 ]
[ −0.458 ; 0.12 ]
[ 0.126 ; 0.704 ]
[ −0.232 ; 0.45 ]
[ −0.312 ; 0.371 ]
[ −0.62 ; −0.066 ]
[ −0.699 ; 0.388 ]
[ 0.022 ; 0.593 ]
[ −0.373 ; 0.715 ]
[ −0.548 ; 0.252 ]
[ −0.315 ; 1.438 ]
[ 0.42 ; 1.432 ]
[ −1.121 ; 0.839 ]
[ −0.258 ; 0.252 ]
[ 0.378 ; 1.214 ]
[ −0.442 ; 0.538 ]
[ −0.095 ; 1.659 ]
[ −0.199 ; 1.401 ]
[ −0.025 ; 1.157 ]
[ −0.185 ; 1.416 ]
[ 0.003 ; 1.185 ]
[ −0.214 ; 1.386 ]
[ −0.085 ; 1.097 ]
[ −0.05 ; 0.805 ]
[ 0.142 ; 1.273 ]
[ −1.417 ; 0.543 ]
[ 0.14 ; 2.403 ]
[ −0.404 ; 2.368 ]
[ 0.203 ; 1.685 ]
[ 0.076 ; 1.558 ]
[ 0.016 ; 1.323 ]
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Figure 2.8: Forest plot of the song stability dataset. Columns shows the study reference, species
studied, the number of birds used to generate a measurement, the Fisher’s Z form of the estimate,
and its 95% confidence intervals. Blue boxes mark measurements in the song-stable group, while
red boxes mark measurements in the song-plastic group. Ticks in the boxes mark the Fisher’s Z,
and black horizontal lines show the confidence interval for each box. The grey, dashed vertical
line shows the population mean. When the same study is listed in more than one row on the plot,
multiple different metrics of reproductive success were obtained from that study.
2.4 Discussion
The relationship between reproductive success and song elaboration has long been proposed
to exist15,23,26,75–83, and, in laboratory settings, females have been observed to prefer larger reper-
toires in mate-choice tests18,19,80,81,85–89 and to lay more eggs in response to playbacks of larger
repertoires83. However, analysis of available field data has not provided significant evidence for a
strong correlation between reproductive success and song elaboration in nature18,19. Thus, there
has been a longstanding controversy over the putative link between individual song elaboration
and reproductive success, with some research claiming “elaborate songs... are the acoustic equiv-
alent of the peacock’s tail”26 and other research stating “it is unlikely that sexual selection for
more elaborate songs is widespread among songbirds”137. Here, we reconcile these contradictory
interpretations by showing that the correlation between individual song elaboration and reproduc-
tive success is stronger in species with elaborate syllable repertoires than in species with simple
repertoires. Unexpectedly, song stability did not provide predictive power regarding the correlation
between individual song elaboration and reproductive success.
These results and the above prediction stand in contrast to the past hypothesis that species with
smaller average repertoires might be more likely exhibit a correlation between individual song
elaboration and reproductive success, because it would be easier to discern which males have the
most elaborate songs when each male of that species only produce a few syllables5,103. Why would
these species not exhibit this preference in nature when they do in laboratory studies80,81,85–89?
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Small average species repertoires are suggested to be more advantageous in contexts where di-
alects or song-matching are an important facet of male-male competition138–142. If males with
larger repertoires tend to lose these competitions and are thus low in dominance hierarchies or can-
not hold a territory, this would counteract female preferences for larger repertoires (see, e.g.143).
These findings would not rule out a model wherein each bird species balances its average syllable
repertoire size between more elaborate songs optimized for attracting females and less elaborate
songs optimized for other functions, such as individual recognition, territory defense, or other ag-
gressive interactions, but further investigation would be required. Alternatively, if females have
a stronger preference for traits reflecting song learning accuracy93,144, song performance (e.g.
trill length or note frequency)35–38 , or other exaggerated physical or behavioral traits (e.g. or-
nate plumage39–41, lekking42,43, or dance44), these characteristics may be more indicative of male
quality, and would thus have greater influence on mate choice in nature145.
Alternatively, the measured association between individual song elaboration and reproductive
success could hinge on the ability of repertoire size to act as an honest signal of male fitness146.
Therefore, the species average syllable repertoire would need to be large enough that inferior males
cannot learn all of it. Large repertoires have been proposed to be costly to learn10 due to the
metabolic costs of the neural underpinnings of song learning82,147,148 and because of the time and
energy that must be dedicated to learning, practicing, and displaying large repertoires77. Theoreti-
cally, small species average syllable repertoires would not lead to large resource requirements and
would be less costly to learn. Thus, inferior males would be able to produce all species-typical
syllables. In this case, performance characteristics may be more indicative of male quality and
eventual reproductive output than repertoire size in species with small average syllable repertoires,
as performance would likely still be affected by male quality146,149.
We hypothesized that open-ended learners would be more likely to show a correlation between
individual song elaboration and reproductive success than closed-ended learners, because open-
ended learners could potentially signal their age with their song. Extending the song learning
window is expected to be metabolically costly4,150, so longer learning windows should be present
36
only in species where there is selection for song traits that could benefit from extended learning
windows. Indeed, it has been suggested that adult song-learning is associated with the evolution
of larger repertoires150. However, we found that the strength of this correlation in song-plastic
species was not significantly different from song-stable species. It may be that open-ended learning
is beneficial in multiple contexts; in some species, males may increase their repertoire size over
time to signal their age, whereas, in other species, song stability may assist in song-matching
and counter singing if male-male interactions are critical to reproductive success. Thus, song
stability overall would not be predictive of a correlation between individual song elaboration and
reproductive success. Narrowing the definition of song-plastic species to those that increase their
repertoire size with age did not yield significant results (Tables A.3.8 and A.3.9). However, the
analysis of the interaction between species average syllable repertoire size and song stability allows
us to cautiously propose that there may be an interaction between these traits (Table A.2.13).
Further research will be required to conclude whether adult song stability can predict the strength
of the correlation between individual song elaboration and reproductive success.
While these findings take an important step in elucidating the link between song elaboration
and reproductive success, we note that this meta-analysis was done with the goal of generating
testable predictions for future field studies, which is by definition limited by the number of exist-
ing studies. This meta-analysis was performed on the relatively small number of species for which
the correlation between individual song elaboration and reproductive success were measured in the
field. It remains to be seen whether these results will apply across all bird species, and we caution
against making songbird-wide generalizations from a meta-analysis of relatively few species151.
As more data are collected, it will also be important to investigate other factors that have been pro-
posed to affect the strength of sexual selection in a species, such as polygyny, extra-pair paternity,
breeding synchrony, and migration behaviors1,19,22,24,152–159.
To date, most research on the relationship between individual song elaboration and reproduc-
tive success has been conducted in species with small to moderate-sized syllable repertoires (see
Figure 2.5). Currently, we have data from four species with average repertoires larger than 100
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syllables; the observed, significant relationship between species average syllable repertoire size
and the correlation between individual song elaboration and reproductive success persists if three
of these four species are removed, but not if all four are removed Table A.3.4. With more species
surveyed at the higher end of species average syllable repertoire size, the field could better evaluate
the observed trend. Thus, these results suggest that the field would particularly benefit from sur-
veying more species with very large average syllable repertoires to assess the relationship between
individual song elaboration and reproductive success.
Here, we re-evaluated the link between individual song elaboration and reproductive success
with a Bayesian meta-analysis of decades of field studies that integrated additional between-species
variables that may interact with sexual selection on individual song elaboration. This meta-analysis
brings the results of these studies into sharper focus and proposes new hypotheses for future re-
search to explore the origins and long-term effects of sexual selection on elaboration in learned
mating signals. We find that individual male song elaboration appears to be most correlated to
reproductive success in species that have evolved unusually large syllable repertoires, potentially
implying both past and ongoing sexual selection for larger individual song elaboration in these
species. If so, it will be important to consider the factors that initially drive the evolution of this
elaboration and whether this trend is driven by mate choice and/or reproductive output. These
factors could include 1) the species-specific importance of male traits for which song acts as an
honest signal (e.g. health, developmental stresses, and song-learning capacity), 2) species lifestyle
and ecological niche traits (e.g. mating system, migratory status, and breeding synchrony), and 3)
tension between the importance of different uses of song. As more relevant variables are revealed,
it will be possible to build better models to explain the different forces influencing sexual selection
in song. Such models would be powerful tools not only for understanding bird species, but also for
gaining insight into the behavioral and ecological forces that mediate the expression of sexually
selected traits in different species.
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Chapter 3
Correlated evolution between repertoire size and song plasticity predicts that sexual selection on
song promotes open-ended learning 1
3.1 Introduction
The duration of song-learning has been studied for decades1,160,161. In some species, learning
is restricted to a short sensitive period early in life, also called a “critical period” (for example,
∼day 25-90 in zebra finches (Taeniopygia guttata)), after which no new songs are acquired162–164.
Other species appear to delay song crystallization until some time in adulthood109,165,166. For ex-
ample, chipping sparrows Spizella passerina have been observed to have a second sensitive period
immediately after their first migration, following which the song is crystallized20,167. Together,
these species are labeled as “closed-ended” learners. Open-ended learners can continue to ac-
quire new syllables or songs throughout their lives17,168–172. Previous research has focused on
factors that shape the duration song learning, such as environmental variation and breeding sea-
son length173–175, but it is still largely unknown how variation in the duration of song-learning
interacts with the evolution of song itself. However, evidence from a small-scale comparative
analysis suggests that a longer learning window may be associated with a larger average syllable
repertoires150.
Evolutionary pressures can act on both culturally and genetically inherited features of birdsong.
Two key modes of selection might act in conjunction: on one hand, female choice can favor certain
song traits, such as superior repertoire size, learning quality, or song performance4,10,15,15,176, all
of which could be improved upon by longer learning windows. On the other hand, the inherent
metabolic cost of neuroplasticity should theoretically favor a shorter song-learning window and
therefore reduce the opportunity for a bird to alter its song in adulthood173,177,178. Thus, while
1This chapter is adapted from my co-authored article with Kate T. Snyder Correlated evolution between repertoire
size and song plasticity predicts that sexual selection on song promotes open-ended learning, which was published in
eLife70.
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learning in adulthood or elongated sensitive periods have not been shown to be directly under pos-
itive selection (sexual or natural) or to play an explicit role in female preferences, sexual selection
acting on certain song traits could indirectly favor longer or shorter song-learning windows. How-
ever, this theorized connection between sexual selection and the duration of song learning hinges
on establishing a relationship between learning and the evolution of song traits, which has not yet
been done.
Furthermore, sexual selection is hypothesized to be amplified in species with polygynous social
mating systems and those with high rates of extra-pair paternity (EPP). A recent large-scale study
found that polygyny drives faster, but non-directional, evolution of syllable repertoire size, and that
syllable repertoire size is negatively correlated with the rate of EPP24. Thus, it may be higher rates
of EPP and polygyny are associated with longer learning windows.
Here, we take a comparative, computational approach to the evolutionary history of open-
and closed-ended song learning. We mined the literature for longitudinal field and laboratory
observations to classify species as exhibiting “adult song stability” (likely closed-ended learners)
or “adult song plasticity” (likely open-ended learners). Ultimately, we classified the song stability
state of 67 species. For these species, we also compiled a database of seven species-level song
traits that can represent either song elaboration (syllable repertoire, syllables per song, and song
repertoire) or song performance (song duration, inter-song interval, song rate, and song continuity).
We then perform phylogenetically-controlled analyses to evaluate the evolution of song and mating
behavior alongside the relative plasticity of song over time. We find that adult song plasticity has
evolved numerous times in bird species. We also find evidence of correlated evolution between
the adult song stability and social mating system, with shifts in social mating system occurring
more rapidly in lineages with adult song plasticity. In addition, we find a significant evolutionary
pattern: in general, species with plastic songs have larger repertoires than species with stable songs.
Specifically, the evolution of larger syllable and song repertoires appears to drive an evolutionary
transition toward open-ended learning.
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3.2 Methods
3.2.1 Data and code availability
https://github.com/CreanzaLab/SongLearningEvolution
3.2.2 Data collection
We performed a literature search to gather information on the song stability state of males in
oscine species. Studies with information about learning style were found via Google Scholar using
the following search terms: [species name] or [common name] in combination with “open-ended,”
“close-ended,” “closed-ended,” “age-limited,” “crystal*,” “adult learning,” and “song changes.”
We used three strategies to assign the song stability state of species. We first defined a species
as having adult song stability (‘song-stable species’) if the literature indicated that males did not
modify their songs after the first breeding season. Species in which males modified their syllable
repertoires after their first breeding season were classified as having adult song plasticity (‘song-
plastic species’). This strategy was meant to mimic the dichotomy of open- and closed-ended
learners often used in the field. We made a two exceptions to this categorization for the species
Cacicus cela and Phoenicurus ochruros, in which males do not gain their mature plumage until
their second breeding season and may therefore be delayed in reaching sexual maturity relative to
other bird species179,180. Because these birds cease modifying their repertoires before reaching
their second breeding season with mature plumage, they were considered song-stable (Dataset
S1). Additionally, past research defined Melospiza lincolnii as an “open-ended improviser.” It
is unclear whether improvisation throughout the lifespan is equivalent to learning throughout the
lifespan, however it does fit our definition for adult song plasticity. For the main analysis, we
considered this species to have adult song plasticity, but we repeated the main analyses with this
species reclassified as having adult song stability (Tables C.1.1 and C.1.2).
For our second strategy, we separated song-stable species into two sub-groups: early song-
stable (species that cease modifying their songs before the first breeding season) and delayed song-
stable (species that modify their songs during their first breeding season but not after). There was
41
not enough information to make this determination for some species, so our dataset was reduced
to 59 species. We used these same 59 species to generate a continuous measure of song stability
for our third strategy. There is little information about the prevalence of song changes beyond the
second breeding season for most of the species in our dataset; therefore, this continuous measure
only ranges from 0 to 2 years, and all song-plastic species were assigned a value of 2. Furthermore,
it was not clear exactly when most of the delayed song-stable species stopped learning, so they
were given a value of 1.33, at which point the first breeding season should have ended. The two
species mentioned above that display delayed song and plumage maturation were assigned a value
of 2.
To gather data on the song traits, we performed a literature search via Google Scholar and Web
of Science using the search terms “Passeriformes” or [species name] in combination with “syllable
repertoire” or “song repertoire.” This yielded a mix of primary sources and studies that had previ-
ously aggregated repertoire size data. We also gathered data from the curated field guides Birds of
North America181 and Handbook of Birds of the World182. We did not perform explicit searches
for any of the other included song traits, but we collected this data whenever we encountered it.
song trait nomenclature is variable across studies, so, when possible, we read the methods of the
primary sources to ensure the authors used the same definitions for song traits that we did.
We utilized the following definitions for song traits:
Syllable Repertoire: the mean number of unique syllables produced per individual.
Song Repertoire: the mean number of unique songs produced per individual.
Syllables per Song: the mean number of unique syllables per song.
Song Duration: the mean length of a song, delineated by pauses or the beginning of a repeated
motif (seconds).
Intersong Interval: the mean pause length between songs (seconds).
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Song Rate: the mean number of songs produced per minute.
Calculated value: Song Rate = 60(Duration + Interval))
Continuity: the fraction of singing time spent actively producing song
Calculated value: Continuity = Duration(Duration + Interval))
For three species with song-learning window data, syllable repertoire size estimates were not
available in the literature, so we estimated these repertoire sizes from published sources or song
recordings (Appendix E). When the song repertoire for a species equalled one, we assumed that
its species’ syllable repertoire was equal to its number of syllables per song. In many cases, there
were multiple studies that gave different estimates for a given song variable in one species. To
handle these discrepancies, we created three datasets: 1) the main dataset, wherein we used the
median value across studies. 2) The minimum values reported in the literature. 3) The maximum
values reported in the literature. We log normalized all song trait data.
We also catalogued species-level mating behavior data. In particular, we assembled binary clas-
sifications of social mating system (monogamy vs polygyny) and extra-pair paternity (low EPP vs
high EPP). We considered a species to be monogamous or polygynous when a source unambigu-
ously categorized that species’ social mating system; we did not assign a social mating system to
species labeled “probably,” “usually,” “mostly,” “normally,” “typically,” and “generally monoga-
mous/polygynous,” etc. unless quantitative measurements were also provided. When quantitative
data were available, species were defined as polygynous when at least 5% of males have more than
one social mate, as in24. A review of extra-pair paternity studies estimated an average of ∼11% of
offspring per nest were attributable to extra-pair mates across species183. In accordance with this
estimate and with previous studies that used a binary classification of EPP (19,24, we used a 10%
threshold for either extra-pair young or nests containing at least one extra-pair chick to estimate
the frequency of extra-pair paternity in that species (<10% = low EPP; ≥10% = high EPP).
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3.2.3 Assessing the evolutionary history of adult song stability
To predict the rate of transition between adult song stability and adult song plasticity, we used
the ace function from the R package Phytools135 and a publicly available phylogeny134. We
tested whether an all-rates different (ARD) model fit the data significantly better than the equal
rates (ER) model using an ANOVA. We then used the better-fit equal rates model to generate 10,000
trees with make.simmap (textbfR package Phytools). This function uses the rate from ace
and a phylogenetic tree with annotated tips to create stochastic simulation maps for the potential
evolutionary transitions between the song-stable and song-plastic states. We found the predicted
ancestral state for each of these 10,000 simulations and used countSimmap (textbfR package
Phytools) to count the total number of transitions that occurred in each map. The minimum
number of predicted evolutionary transitions across these 10,000 simulations was considered to
be the most parsimonious; we also compared this to a manual count of evolutionary transitions
starting from either ancestral state, and found the same result.
3.2.4 Correlated evolution of song traits and song stability
To test whether there were any significant differences between song-stable species and
song-plastic species for the song traits, we performed a phylogenetically-controlled ANOVA
(phylANOVA, Phytools) for each song trait. We repeated this analysis with the subset of
species we classified into early song-stable, delayed song-stable, and song-plastic. Because there
was a limited number of early song-stable species in this dataset, we only performed this re-
analysis for song traits that had data on at least 9 early song-stable species (syllable repertoire
size: 9 species with early song stability; song repertoire size: 9 species; syllables per song:
10 species). We visualized the predicted ancestral traits on trees with color and pie graphs here,
however, the raw values are available in (Figure 2 - source data 1 from Robinson, Snyder, and
Creanza 201970. To test for correlations between song traits and the continuous values for song
stability, we performed a phylogenetic generalized least squares (PGLS) analysis. We used the
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function gls (R package: nlme), with the “correlation” parameter lambda (λ ) computed using
the function corPagel (R package: ape).
To test whether adult song stability state affected the rate of evolution for the song traits, we
used the function brownie.lite (R package: phytools). This function first calculates a one-
rate model of evolution for a song trait using a phylogenetic tree and the current states of the tips
for that song trait. This one-rate model assumes that change in the value of the song trait is random
across evolutionary time and can be estimated via Brownian motion. Next, a model is generated
wherein two different rates are calculated; this two-rate model assumes that the evolution of the
song trait has one rate in the song-stable state and a different rate in the song-plastic state. This
model requires estimations for the ancestral states of song stability for each branch of the phy-
logeny. To create these estimates, we used the function ace (R package: phytools)to calculate
the rate of transition between the song-stable and song-plastic states for the full dataset. We then
used these transition rates to generate 1,300 different stochastic simulation maps (make.simmap)
(R package: phytools) for the subset of species that had data for each song trait. For the
Brownie analysis, we tested whether the two-rate model fit the data significantly better than the
one-rate model by performing a chi-square test on the mean log likelihoods of the two models.
We repeated this analysis for the set of species we classified as early song-stable, delayed song-
stable, and song-plastic for traits for which we had data on at least 9 early song-stable species.
We compared the three-rate model to the one-rate model. We also reran the two-rate model in this
reduced dataset by combining the early and delayed song-stable groups and testing whether the
three-rate model was better than the two-rate model. Because the delayed song-stable trace peaked
at a similar position to the song-plastic trace for syllable and song repertoire size (Figure 4D-E), we
also compared the three-rate model to another version of the two-rate model, in which one group
was early song-stable (shorter learning), and the other was delayed song-stable and song-plastic
combined (longer learning).
We used BayesTraits184,185 to test for correlated evolution between song stability and song
traits, or, in other words, whether the rate and direction of evolutionary transitions of one trait are
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dependent on the state of another trait, and whether an order of transition events can be inferred.
Specifically, we tested the hypothesis that an evolutionary change in song stability increases the
likelihood of an evolutionary change in certain song variables or mating behaviors, or vice versa.
BayesTraits compares two models of discrete trait evolution for a pair of binary traits and a
given phylogenetic tree: 1) an independent model (i.e. the evolution of one trait does not depend
on the other trait) and 2) a dependent model (i.e. the evolutionary transitions of each trait depend
on the state of the other trait, suggesting correlated evolution). BayesTraits reports marginal
likelihoods for the computed dependent and independent models (function Discrete in R pack-
age btw), allowing us to determine whether the dependent model describes the data significantly
better than the independent model. We used function LRtest (R package: lmtest) to perform
the likelihood ratio test. Since this model requires both input traits to be binary, we classified the
continuous song traits as binary groups (“low” or “high”) based on a delineating threshold. In-
stead of choosing the threshold arbitrarily, we used each unique value of the song trait data as the
threshold and repeated the analysis 100 times at each threshold. This method of using a spectrum
of thresholds to delineate the low and high value categories resulted in transition rates that varied
dramatically depending on where the threshold was placed. In essence, when the threshold is set
as a value in the bottom third of the unique trait values present in the data, the analysis evaluated
the rate transition from low to moderate and larger values for a song trait and vice versa. When
the threshold is set as a value in the upper range of the unique trait values present in the data, the
analysis calculates the rates of transition from higher song trait values to medium and lower values.
To account for this nuance, we binned the threshold data into two to five bins, with three bins as
the default: low (bottom third of unique trait values), medium (middle third) and high (top third).
We then calculated the mean of each state transition rate in each bin. In addition to the song traits,
we also analyzed song stability versus social mating system (i.e. social monogamy or polygyny)
and rate of EPP. These analyses were performed for 1,000 runs each.
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3.2.5 Jackknife analysis
Some families of birds were well represented in our sample, while others were only represented
by one or two species. To test whether any well-represented family significantly skewed our re-
sults, we removed each family that was represented by four or more species in the full dataset in
turn, and repeated the phylANOVA, brownie.lite, and BayesTraits analyses. Jackknife
analyses were only performed when significant results were obtained in the main analysis. Thus,
all song traits except continuity were tested in the phylANOVA and brownie.lite jackknife
analysis, while only syllable repertoire, song repertoire, and syllables per song were tested in the
BayesTraits jackknife analysis. Each brownie analysis was run on 1,300 unique stochastic
character maps, and each BayesTraits analysis was repeated 20 times. We determined the family
of each species based on its classification in the 2017 version of the eBird Clements Integrated
Checklist186. The family Locustella was combined with Acrocephalidae, as Acrocephalidae was
paraphyletic when Locustella was considered to be a separate family. The Mimidae family alone
had a large effect on the syllables per song metric, so we performed another jackknife analysis
with phylANOVA and brownie.lite wherein we removed each mimid species in turn.
3.2.6 Correction for multiple testing
We used a Holm-Bonferroni correction to control for testing multiple hypotheses with the same
data187. This correction is appropriate for data wherein the outcome of one hypothesis is likely to
be related to the outcome of another hypothesis, as we believed would be the case for song traits.
3.3 Results
3.3.1 Evolution of song stability across clades
We were interested in examining the rate of evolution of adult song stability versus adult song
plasticity and whether we could predict the ancestral state of clades on a phylogenetic tree134.
As with any reconstruction of evolutionary history, these simulations cannot exactly predict the
ancestral states but aim to approximate them. Furthermore, only a subset of oscine families could
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be included in our analysis. Ultimately, we could not make a conclusion about ancestral state for
the last common ancestor of all the included species, but our results hint that there might have
been several early transitions in the oscine lineage, leading to clades that predominantly have adult
song stability or plasticity, coupled with a number of more recent transitions (see pie charts in
Figure 3.1 A for the predicted likelihood of each state at each node). We found that a model
allowing the transition rate from song stability to plasticity to be different from the transition rate
from plasticity to stability (all-rates-different model — ARD) did not fit the data significantly better
than a simpler model allowing for only one rate of transition back and forth between song stability
and plasticity (equal rates model — ER) (LogLikelihoodER=−38.22, LogLikelihoodARD=−38.21,
p=0.87). At least 14 transitions were required to explain the current binary song-stability states of
our subset of bird species. Explaining the distribution of song plasticity in our subset of species
most parsimoniously requires at least 9 transitions to adult song plasticity if the last common
ancestor was song-stable and 7 transitions to song stability if the common ancestor was song-
plastic (Figure 3.2).
48
     Philesturnus rufusater
     Parus palustris
     Parus major
     Parus atricapillus
     Phylloscopus fuscatus
     Phylloscopus trochilus
     Phylloscopus collybita
     Hirundo rustica
     Zosterops lateralis
     Sylvia communis
     Acrocephalus palustris
     Locustella naevia
     Acrocephalus arundinaceus
     Acrocephalus stentoreus
     Acrocephalus schoenobaenus
     Mimus gilvus
     Mimus polyglottos
     Toxostoma rufum
     Dumetella carolinensis
     Sturnus vulgaris
     Lamprotornis superbus
     Turdus merula
     Turdus grayi
     Hylocichla mustelina
     Luscinia megarhynchos
     Phoenicurus ochruros
     Ficedula albicollis
     Ficedula hypoleuca
     Certhia familiaris
     Taeniopygia guttata
     Lonchura striata
     Padda oryzivora
     Prunella modularis
     Carduelis chloris
     Serinus canaria
     Serinus serinus
     Carpodacus erythrinus
     Carpodacus cassinii
     Fringilla coelebs
     Cardinalis cardinalis
     Passerina cyanea
     Geospiza fortis
     Geospiza scandens
     Cacicus cela
     Agelaius phoeniceus
     Molothrus ater
     Sturnella neglecta
     Miliaria calandra
     Emberiza hortulana
     Emberiza citrinella
     Pipilo erythrophthalmus
     Passerculus sandwichensis
     Melospiza lincolnii
     Melospiza georgiana
     Melospiza melodia
     Zonotrichia albicollis
     Zonotrichia leucophrys
     Junco hyemalis
     Passerella iliaca
     Spizella pusilla
     Spizella passerina
     Dendroica pensylvanica
     Dendroica petechia
     Setophaga ruticilla
     Geothlypis trichas
     Anthus trivialis
     Passer domesticus
0.511 4.488
Syllables
1.7 >
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
Philesturnus rufusater     
Parus palustris     
Parus atricapillus     
Phylloscopus fuscatus     
Phylloscopus trochilus     
Phylloscopus collybita     
Hirundo rustica     
Zosterops lateralis     
Sylvia communis     
Acrocephalus palustris     
Acrocephalus arundinaceus     
Acrocephalus stentoreus
Acrocephalus schoenobaenus     
Mimus gilvus     
Mimus polyglottos     
Toxostoma rufum     
Dumetella carolinensis
Sturnus vulgaris     
Lamprotornis superbus     
Turdus merula     
Turdus grayi     
Hylocichla mustelina     
Luscinia megarhynchos     
Phoenicurus ochruros     
Ficedula albicollis
Ficedula hypoleuca     
Certhia familiaris     
Taeniopygia guttata     
Lonchura striata     
Padda oryzivora     
Prunella modularis     
Carduelis chloris     
Serinus canaria     
Serinus serinus     
Carpodacus erythrinus     
Carpodacus cassinii     
Fringilla coelebs     
Cardinalis cardinalis
Passerina cyanea     
Geospiza fortis     
Geospiza scandens
Cacicus cela
Agelaius phoeniceus
Molothrus ater     
Sturnella neglecta     
Emberiza hortulana     
Passerculus sandwichensis     
Melospiza lincolnii
Melospiza georgiana
Melospiza melodia
Zonotrichia leucophrys     
Junco hyemalis     
Spizella pusilla     
Spizella passerina     
Dendroica pensylvanica     
Dendroica petechia
Setophaga ruticilla     
Anthus trivialis     
Passer domesticus     
0.446 4.627
Syllables
1.6 >102
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
Early song stability
Delayed stability
Adult song plasticity
Paridae
Hirundinidae
Phylloscopidae
Zosteropidae
Sylviidae
Locustellidae
Acrocephalidae
Passerellidae
Emberizidae
Icteridae
Parulidae
Cardinalidae
Fringillidae
Passeridae
Estrildidae
Prunellidae
Muscicapidae
Turdidae
Sturnidae
Mimidae
Certhiidae
Motacillidae
Callaeidae
Thraupidae
A B
●Adult Song Stablility
Adult Song Plasticity
Figure 3.1: Syllable repertoire size is larger in species with adult song plasticity even when
controlling for phylogeny. These phylogenies show the calculated evolution of natural-log trans-
formed syllable repertoire size and either (A) stable and plastic song stability states or (B) early
song-stable, delayed song-stable, and song-plastic states. Dots at the tips of branches represent the
current song-stability state. Pie charts represent the likelihood that the common ancestor at that
node was in each song-stability state. Dark purple colors represent small syllable repertoires while
white represents large repertoires. For the sake of visualization, the color range was truncated
based on the distribution of the data, such that the lowest value was the 25th percentile minus the
range of the 25th to 50th percentile and the highest value was the 75th percentile plus the range of
the 50th to 75th percentile. See Table 3.1 for PhylANOVA results.
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Figure 3.2: The minimum number of evolutionary transitions required to recapitulate the
current song stability states of birds in this study. White dots at the tips show song-plastic
species, while black dots show song-stable species. Inset shows an equally parsimonious set of
transitions for the labeled species. At least 7 transitions to the song-stable state are required to
generate the current distribution of adult song plasticity from a song-plastic last common ancestor.
At least 9 transitions to the song-plastic state are required if the last common ancestor was a song-
stable species, and 14 transitions between adult song stability and adult song plasticity are required,
regardless of whether we assume a song-plastic or song-stable ancestral state.
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3.3.2 Song trait differences based on song stability state
We tested whether song traits were affected by the length of the song-learning window on an
evolutionary scale. Intuitively, it makes sense that a species that has a longer time-window to
learn might be able to accumulate a larger repertoire. Indeed, this relationship is suggested by the
pattern of song stability and repertoire size in Phylloscopus species (Figure 3.3); however, many
individual species do not follow this prediction: for example, Acrocephalus palustris appears to
learn a large repertoire in a single year165, and Philesturnus rufusater modifies its song for multiple
years but maintains a small repertoire188. Further, numerous species with adult song plasticity
do not significantly increase their repertoire sizes over time189–192. Thus, it is important to test
the potential evolutionary link between larger repertoire sizes and adult song plasticity. Using
a phylogenetically-controlled ANOVA135,193, we found that species with adult song plasticity did
possess significantly larger syllable repertoires than species with adult song stability (Figure 3.1A,
Figure 3.4A, and Table 3.1). This concurs with a previous analysis using a smaller dataset150.
Similarly, we found that song-plastic species had significantly larger song repertoires than song-
stable species (Figure 3.4B, Figure 3.5, and Table 3.1).
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Figure 3.3: Recent transitions in song stability state and syllable repertoire size in Phyl-
loscopus species. P. collybita, a species with adult song stability, has a smaller syllable reper-
toire size than P. trochilus and P. fuscastus, two species with adult song plasticity. Colors
of branches and nodes correspond with Figure 2. Sonograms were generated from recordings
obtained from xeno-canto.org: XC340281 recorded by Tom Wulf (P. fuscatus, accessible at:
www.xeno-canto.org/XC340281), XC414221 recorded by Frank Lambert (P. collybita, accessi-
ble at: www.xeno-canto.org/XC414221), and XC402265 recorded by Hans Matheve (P. trochilus,
accessible at: www.xeno-canto.org/XC402265). Sonograms are used only to demonstrate compar-
ative repertoire size from one individual for each species and were stretched horizontally to fit the
allotted space.
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Figure 3.4: Distribution of repertoire sizes in species with different song stability states. (A)
shows the distribution of syllable repertoires and (B) shows the distribution of song repertoires
when species are broken into two groups based on song stability. (C) shows the distribution of
syllable repertoires when species are broken into three groups based on song stability. Boxes
indicate the 25th, 50th, and 75th percentile. The lower whisker is either the minimum value or the
25th percentile minus 1.5 times the interquartile range, whichever was larger. The upper whisker is
either the maximum value or the 75th percentile plus 1.5 times the interquartile range, whichever
was smaller. Dots are the raw values as a scatter plot. Solid dots are within the range of the box and
whiskers, while open dots are outliers. See Table 3.1 for full PhylANOVA results for (A-C). (D)
shows the continuous relationship between syllable repertoire size and song stability when song
stability is truncated at 2 years due to lack of data in subsequent years.
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Figure 3.5: There was a relationship between song repertoire and song stability when con-
trolling for phylogeny. The estimated ancestral character states are mapped on the tree for both
adult song stability state and for log-transformed song repertoire size. Black and white dots repre-
sent a species that is currently in a stable or plastic state respectively. Black and white in the pie
charts at each node represent the likelihood that the common ancestor was in the stable or plastic
state. Dark purple colors represent small repertoires while white represents large repertoires. For
the sake of visualization, the color range was truncated based on the distribution of the data, such
that the lowest value was the 25th percentile minus the range of the 25th to 50th percentile and the
highest value was the 75th percentile plus the range of the 50th to 75th percentile. PhylANOVA
results for Figures 3.5 to 3.10 are available in Table 3.1.
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Table 3.1: PhylANOVA results for all song traits when birds are divided into species with
adult song stability or adult song plasticity. Song traits are sorted from most to least signifi-
cant. Song-Stable and Song-Plastic columns show means. Corrected α indicates the threshold for
significance with the Holm-Bonferroni correction. Asterisks (*) denote significant groups.
Song Trait Song-Stable Song-Plastic F-value Corrected α p-value
Syllable Rep 1.8807 3.946 41.5064 0.0071 <0.001*
Song Rep 1.1055 3.8688 33.8334 0.0083 <0.001*
Syll\Song 1.2556 2.2962 9.2658 0.01 0.094
Duration 0.7736 1.2927 2.0783 0.0125 0.42
Continuity −1.3453 −1.0286 2.1537 0.0167 0.474
Interval 1.6075 1.218 1.3879 0.025 0.567
Song Rate 1.8969 2.0971 0.6079 0.05 0.713
There were no significant differences between song-plastic and song-stable species for the other
song traits that we tested: syllables per song, inter-song interval, song duration, song continuity, or
song rate (Table 3.1 and Figures 3.6 to 3.10). When we used the classification scheme with three
states, we could only test for differences in syllable repertoire, song repertoire, and syllables per
song between groups, as there were very few early song-stable species for which we had data on
the other song traits. We found no significant differences between early song-stable and delayed
song-stable species for any tested traits, but both of these groups had significantly smaller syllable
and song repertoires compared to song-plastic species (Figure 3.1B, Figure 3.4C, and Tables 3.2
and 3.3). When performing a PGLS analysis using the continuous values for song-stability, we
found similar results; both syllable repertoire and song repertoire were correlated with the song
plasticity duration, such that repertoire size increased as the duration of song plasticity increased
(Figure 3.4D and Table 3.4).
55
     Parus palustris
     Phylloscopus trochilus
     Phylloscopus collybita
     Hirundo rustica
     Sylvia communis
     Acrocephalus palustris
     Locustella naevia
     Acrocephalus arundinaceus
     Acrocephalus schoenobaenus
     Mimus polyglottos
     Toxostoma rufum
     Dumetella carolinensis
     Sturnus vulgaris
     Turdus merula
     Hylocichla mustelina
     Luscinia megarhynchos
     Ficedula albicollis
     Ficedula hypoleuca
     Fringilla coelebs
     Cardinalis cardinalis
     Passerina cyanea
     Agelaius phoeniceus
     Sturnella neglecta
     Miliaria calandra
     Emberiza hortulana
     Emberiza citrinella
     Pipilo erythrophthalmus
     Passerculus sandwichensis
     Melospiza melodia
     Zonotrichia albicollis
     Zonotrichia leucophrys
     Junco hyemalis
     Spizella passerina
     Dendroica pensylvanica
     Dendroica petechia
     Setophaga ruticilla
     Geothlypis trichas
−2.072 −0.084
Continuity
0.1 0.9
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
Song Stable
Song Plastic
Figure 3.6: There was no relationship between song continuity and song stability when con-
trolling for phylogeny. The estimated ancestral character states are mapped on the tree for both
adult song stability versus plasticity (black versus white) and for log-transformed song continuity
(purple). Labeling is the same as in Figure 3.5.
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Figure 3.7: There was no relationship between song duration and song stability when con-
trolling for phylogeny. The estimated ancestral character states are mapped on the tree for both
adult song stability versus plasticity (black versus white) and for log-transformed song duration
(purple). Labeling is the same as in Figure 3.5.
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Figure 3.8: There was no relationship between intersong interval and song stability when
controlling for phylogeny. The estimated ancestral character states are mapped on the tree for
both adult song stability versus plasticity (black versus white) and for log-transformed song interval
(purple). Labeling is the same as in Figure 3.5.
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Figure 3.9: There was no relationship between song rate and song stability when controlling
for phylogeny. The estimated ancestral character states are mapped on the tree for both adult song
stability versus plasticity (black versus white) and for log-transformed song rate (purple). Labeling
is the same as in Figure 3.5.
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Figure 3.10: There was no relationship between syllables per song and song stability when
controlling for phylogeny. The estimated ancestral character states are mapped on the tree for
both adult song stability versus plasticity (black versus white) and for log-transformed syllables
per song (purple). Labeling is the same as in Figure 3.5.
Table 3.2: PhylANOVA results for all song traits when birds are divided into early song
stability, delayed song stability, and song plasticity. Song traits are sorted from most to least
significant. Early, Delayed, and Plastic columns show means. Corrected α indicates the threshold
for significance with the Holm-Bonferroni correction. Asterisks (*) denote significant groups.
Song Trait Early Delayed Plastic F-value Corrected α p-value
Syllable Rep 1.6436 2.0062 3.946 17.1099 0.0071 0.003*
Song Rep 0.6788 1.4819 3.8688 12.88 0.0083 0.011*
Syll\Song 1.2852 1.2467 2.2962 3.6877 0.01 0.252
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Table 3.3: Post-hoc pairwise phylANOVA tests for significant song traits when birds are
divided into early song stability, delayed song stability, and song plasticity. Asterisks (*)
denote significant groups.
Song Trait State 1 State 2 T-value p-value
Syllable Rep Plastic Delayed 4.8995 0.012*
Syllable Rep Early Plastic 4.6091 0.003*
Syllable Rep Early Delayed 0.6872 0.659
Song Rep Plastic Delayed 4.0268 0.044*
Song Rep Early Plastic 4.3074 0.015*
Song Rep Early Delayed 1.0444 0.55
Table 3.4: Results of PGLS analysis between song traits and continuous song stability. Test
performed on the natural log scale values of song traits. λ is the value by which off-diagonal
elements in the Brownian motion model are multiplied to make the correlation structure. Corrected
α indicates the threshold for significance with the Holm-Bonferroni correction. Song traits are
sorted from most to least significant. Asterisks (*) denote significant slopes.
Song Trait Slope Std Error λ T-value Corrected α p-value
Syllable Rep 0.9067 0.2449 0.8913 3.7021 0.0071 <0.001*
Song Rep 1.1013 0.3123 0.8316 3.5263 0.0083 <0.001*
Syll\Song 0.3701 0.2224 0.4699 1.6642 0.01 0.1029
Interval 0.4221 0.2646 0.8823 1.5953 0.0125 0.1215
Continuity −0.2135 0.1439 0.8832 −1.4838 0.0167 0.1486
Duration 0.3702 0.2569 1.0163 1.441 0.025 0.1578
Song Rate −0.2113 0.25 0.7307 −0.8453 0.05 0.4048
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3.3.3 The effect of song stability on the rate of song trait evolution
Our result that species with adult song plasticity had significantly larger syllable and song
repertoires raised the question of whether song stability versus plasticity also affected the rate
of evolution for any of the song traits. To examine this possibility, we used the Brownie al-
gorithm194, which tests whether a model with two rates of evolution for each song traitone rate
for ancestral periods of song stability and another rate for song plasticityfits the data significantly
better than a model that allows for only one rate of evolution of each song trait regardless of the
ancestral states of song stability. Each calculation of the two-rate model is based on one stochas-
tic projection of the ancestral traits across the phylogenetic tree, so we generated 1,300 different
stochastic simulation maps to use with Brownie. We plotted the distribution of potential rates and
compared the average log likelihood of the two-rate models to the log likelihood of the one-rate
model.
We found that allowing for two different rates of song trait evolution depending on song stabil-
ity or plasticity did not lead to a significantly better fit model than using one Brownian-motion rate
for either syllable repertoire size or song repertoire size, even though syllable repertoires and song
repertoires were both significantly larger in species with adult song plasticity (Figure 3.11A and
B and Table 3.5). In contrast, the two-rate model led to a significantly better fit for syllables per
song, song rate, inter-song interval, and song duration (Figure 3.11C, Figure 3.12, and Table 3.5),
indicating that evolution of these song traits was faster in song-plastic lineages (Figure 3.11C and
Figure 3.12, red traces).
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Figure 3.11: Distributions of rates for natural-log transformed song traits related to elabora-
tion. The boxes at the top illustrate how we grouped the species for each model. Column 1 (A-C):
Blue traces are song-stable, while red traces are song-plastic. Column 2 (D-F): Blue traces are
early song-stable, purple traces are delayed song stable, and red traces are song-plastic. Column 3
(G-H): Blue traces are early song-stable, while red traces are delayed song-stable and song-plastic
combined. The black line shows the rate value for the one-rate model in all columns. Asterisks
indicate that the rate of evolution of that song trait significantly differed between groups. Lower-
case zeta (ζ ) indicates the multi-rate model that best fit the data while using the fewest number
of rates. In the case of syllable repertoire, the multi-rate models were not significantly better than
the one-rate model). The three-rate models (D-F) were not significantly better than the two-rate
models (G,H, and C). See Tables 3.5 to 3.9 for chi-square test results.
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Figure 3.12: Distributions of rates for natural-log transformed song traits related to perfor-
mance. Blue traces song-stable, while red traces are song-plastic. The black line shows the rate
for the one-rate model. Asterisks indicate that the rate of evolution of that song trait significantly
differed between song-stable and song-plastic lineages. See Table 3.5 for chi-square test results.
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Table 3.5: Brownie results for song traits when birds are divided into species with adult song
stability or adult song plasticity. For Tables 3.5 to 3.9, rate columns show mean log likelihood.
Song traits are sorted from most to least significant. Asterisks (*) denote traits where the more
complex model fit the data significantly better than the simpler model.
Song Trait One Rate Two Rates p-value
Syll\Song −110.6482 −100.7673 <0.001*
Song Rate −43.4397 −38.4938 0.002*
Interval −45.2842 −40.5004 0.002*
Duration −71.2042 −66.3122 0.002*
Continuity −25.6471 −24.7285 0.175
Syllable Rep −120.2983 −120.0695 0.499
Song Rep −113.5829 −113.3706 0.515
We repeated this analysis with the three-state categorization for syllable repertoire, song reper-
toire, and syllables per song; for other song traits, we did not have enough species in the early song
stability group. We found that the three-rate model was significantly better than the one-rate model
for syllables per song and song repertoire, but not for syllable repertoire (Figure 3.11A-C and
Table 3.6). However, the three-rate model was only significantly better than the two-rate model
for song repertoire (Table 3.7). Thus, the two-rate model sufficiently approximates the evolution
of syllables per song. We noticed that for both song repertoire and syllable repertoire, the rate of
evolution in delayed song-stable lineages (purple traces in Figure 3.11 D and E) was very similar
to the rate in song-plastic lineages (corresponding red traces). We tested one more set of models
where we combined delayed song-stable species with song-plastic species to create a “longer learn-
ing” group, while early song-stable species were assigned to a “shorter learning” group. For this
comparison of shorter versus longer learning, the two-rate model was significantly better than the
one-rate model for song repertoire and trending in that direction for syllable repertoire (Figure 3.11
G and H and Table 3.8). The three-rate model was not significantly better than the longer/shorter-
learning two-rate model for either syllable or song repertoire (Table 3.9). Taken together with our
phylANOVA results, this pattern suggests that species with early song stability evolve their song
repertoires and potentially their syllable repertoires at a slower rate than delayed song-stable and
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song-plastic species; however, only song-plastic species directionally evolve towards larger song
and syllable repertoires.
Table 3.6: Brownie results for song traits when birds are divided into early song stability,
delayed song stability, and song plasticity.
Song Trait One Rate Three Rates p-value
Syll\Song −97.8349 −86.3206 <0.001*
Song Rep −100.812 −97.7647 0.014*
Syllable Rep −107.3206 −105.5895 0.063
Table 3.7: Brownie results for song traits when birds are divided into either song stability
(early and delayed) and song plasticity (Two Rates) or early song stability, delayed song
stability, and song plasticity (Three Rates).
Song Trait Two Rates Three Rates p-value
Song Rep −100.691 −97.7148 0.015*
Syllable Rep −107.1332 −105.5532 0.075
Syll\Song −86.3125 −86.3447 1
Table 3.8: Brownie results for song traits when birds are divided into shorter learning (early
song stability) and longer learning (delayed song stability and song plasticity).
Song Trait One Rate Two Rates p-value
Song Rep −100.812 −97.9918 0.018*
Syllable Rep −107.3206 −105.8488 0.086
Table 3.9: Brownie results for song traits when birds are divided into either shorter learning
(early song stability) and longer learning (delayed song stability and song plasticity) (Two
Rates) or early song stability, delayed song stability, and song plasticity (Three Rates).
Song Trait Two Rates Three Rates p-value
Syllable Rep −105.8156 −105.5532 0.469
Song Rep −97.9372 −97.7148 0.505
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3.3.4 Evolutionary interactions between song stability and the evolution of song traits or mating
strategies
We used BayesTraits184,185 to test whether the rate and order of evolutionary transitions
in one trait is dependent on the state of another trait. Because the song traits were continuous
variables, we binarized them by setting a series of threshold values to delineate “low” and “high”
categories, using each observed song trait value as a threshold in turn. We then tested whether
there was correlated evolution between the binary classifications of adult song stability and each
of the seven song traits.
In the lowest third of syllable repertoire thresholds, adult song plasticity with small sylla-
ble repertoires was an evolutionarily unstable state, with rapid transitions primarily towards a
song-stable state and secondarily towards larger syllable repertoires (82% of runs significant in
this range, Figure 3.13). In the middle third of syllable repertoire thresholds, song-stability with
smaller syllable repertoires is an evolutionarily stable attractor state, with high rates of transition
observed from large to small syllable repertoires in song-stable species and from plasticity to sta-
bility with a small syllable repertoire. These rate differences are highly significant (100% of runs
significant in this range). In the highest third of syllable repertoire thresholds, adult song stability
with a large syllable repertoire is an evolutionarily unstable state, transitioning primarily towards
adult song plasticity (86% of runs significant in this range, Figure 3.13). We found similar trends
when using two, four, or five bins with subtle differences. When using four or five bins, we still
observe that song stability with larger syllable repertoires is an unstable combination; however, for
the highest bin of threshold values, the transition rates are faster when changing to song plastic-
ity, whereas for the second-highest bin, we observe faster transition rates toward repertoire size
increases (see Figure 6 - figure supplement 1 from Robinson, Snyder, and Creanza 201970).
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Figure 3.13: Analysis of correlated evolution between adult song stability and syllable reper-
toire size. We repeated the BayesTraits test using each value of the continuous song trait as the
threshold delineating the larger and smaller syllable repertoire groups. We performed a total of 100
runs per threshold. We pooled the results of all of the runs into three groups based on whether the
threshold was in the lowest, middle, or highest third of the unique trait values. Within these groups,
we computed the mean percentage of runs that were significant at p<0.05 at each threshold. (A-C)
Rate of transition plots when the lowest (red), middle (yellow), and highest (blue) thirds of the
unique syllable repertoire values in the dataset were used as the threshold. Rates are the average
across all runs when the threshold denoting small/large repertoire sizes was defined as each value
within each segment. Arrows are labeled with the mean rate and the 95% confidence interval.
Arrow weights are scaled to the mean rate values. (D) p-values from the 100 runs per threshold,
plotted against threshold. Colored bars denote low, middle, and high threshold segments. Blue line
denotes p=0.05.
68
At low song repertoire threshold values, song plasticity with a small song repertoire is an evolu-
tionarily unstable state; there is rapid transition away from this combination, predominantly trend-
ing towards song stability but also transitioning secondarily to a larger song repertoire, with very
high significance (100% of runs significant in this range). At moderate song repertoire thresholds,
the highest rate is observed for species with small repertoires transitioning from song plasticity to
song stability, also with very high significance (100% of runs significant in this range). At high
song repertoire thresholds, the primary shift is from song stability to song plasticity in species
with large song repertoires (89% of runs significant in this range) (Figure 3.14). When analyzing
the results using five bins, transitions in the upper range of song repertoire values becomes more
nuanced; in the highest bin, song stability with a larger song repertoire is very unstable, but is
relatively stable in the second-highest bin. In the lower four bins, the dominant transition is from
plastic to stable song with smaller song repertoires (see Figure 6 - figure supplement 1 from
Robinson, Snyder, and Creanza 201970). The results for syllables per song show some general
trends that are complicated by the strong effect of the mimid species (Figure 3.15, also see results
of jackknife analysis below). We did not find evidence for correlated evolution between adult song
stability or plasticity state and any of the other song traits (Figures 3.16 to 3.19, also see Figure 6
- figure supplement 1 from Robinson, Snyder, and Creanza 201970).
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Figure 3.14: Analysis of correlated evolution between adult song stability and song repertoire
size. Labeling is the same as in Figure 3.13.
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Figure 3.15: Analysis of correlated evolution between adult song stability and syllables per
song. Labeling the same as in Figure 3.13.
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Figure 3.16: Analysis of correlated evolution between adult song stability and song duration.
Labeling the same as in Figure 3.13.
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Figure 3.17: Analysis of correlated evolution between adult song stability and intersong in-
terval. Labeling the same as in Figure 3.13.
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Figure 3.18: Analysis of correlated evolution between adult song stability and song rate.
Labeling the same as in Figure 3.13.
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Figure 3.19: Analysis of correlated evolution between adult song stability and continuity.
Labeling the same as in Figure 3.13.
In addition, it has been proposed that polygyny and extra-pair paternity (EPP) may increase sex-
ual selection pressures on sexually selected traits, including song152,195, and increased selection
pressure due to polygyny was theorized to accelerate the evolution of song learning in a mathe-
matical model65. There was evidence for correlated evolution between polygynous/monogamous
mating systems and song plasticity (100% of runs significant), with elevated rates of transition be-
tween polygyny and monogamy in the song-plastic state. We did not find evidence for correlated
evolution between EPP and adult song plasticity (Figure 3.20).
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Figure 3.20: Analysis of correlated evolution between song stability and mating behaviors.
Performed over 1000 runs. Transition arrows are labelled with the mean rate over all 1000 runs.
A) Mating system (polygyny vs. monogamy): 1000 of 1000 runs were significant at p<0.05. B)
Extra-pair paternity (Low EPP vs. High EPP): No runs were significant at p<0.05.
3.3.5 Robustness analysis
In many cases, there were multiple studies that gave different estimates for a given song trait in
one species, so we used the median values across studies for our main analysis. To test whether our
results depended on the particular values we used, we repeated the PhylANOVA and Brownie
analysis using the either the maximum or minimum values reported in the literature. This did
not significantly alter our results (Tables C.1.3 to C.1.7). In our dataset, 24 songbird families
were represented by 1 to 11 species each. This meant that families had unequal influence on the
outcomes of the analyses. We performed a jackknife analysis to examine whether our results were
affected by excluding individual families represented by 4 or more species in the full dataset for the
PhylANOVA, Brownie, and BayesTraits analysis. Exclusion of individual families did not
significantly alter most results significantly (Tables C.1.8 to C.1.19, Figure 6 - figure supplement
8-9, and Figure 7 - figure supplement 1 from Robinson, Snyder, and Creanza 201970), but there
was one notable exception.
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Removal of Mimidae (4 species) from the Brownie analysis of syllables per song drastically
changed the results, such that the two-rate model was no longer significantly better fit than the one-
rate model (Table C.1.17). All of the included mimid species are song-plastic, so these data suggest
that mimids may be driving the fit of the two-rate model for syllables per song. Indeed, a secondary
jacknife analysis suggested that this trend was driven entirely by the inclusion of Mimus polyglottos
and Mimus gilvus together, and removal of either led to non-significant results ((Table C.1.20). In
addition, removal of Mimidae from the BayesTraits analysis of song plasticity and syllables
per song altered some of the observed trends (see Figure 6 - figure supplement 9 from Robinson,
Snyder, and Creanza 201970). In combination with the difficulty in quantifying syllables per song
in mimid species196, these results suggest that the evolutionary trends for syllables per song seen
in the full dataset do not represent real evolutionary patterns across bird families; however, further
study of additional mimid species will be required to examine whether the evolution of syllables
per song is markedly different in mimids compared with other songbird families.
3.4 Discussion
Previously, it was unknown whether the song-learning window evolved in concert with song
traits associated with sexual selection, as predicted by a computational model of song learning150.
Here, we performed phylogenetically-controlled analyses to assess the interactions between the
length of the song-learning window — using song stability as a proxy — and the evolution of
song traits. Interestingly, we noted that several evolutionary events relatively early in passerine
evolution accounted for much of the diversity in the song-plasticity period in our sample of species.
Our results predict that a species’ ability to modify adult song not only affects the characteristics
of song in a generation but also interacts with the evolution of larger repertoire sizes, since sexual
selection for large repertoires could drive evolution of increased song plasticity.
We found two key trends in the trait correlation (phylANOVA) and evolutionary rate
(Brownie) analyses. First, the direction of evolution in traits that can be considered metrics
of song elaboration (syllable and song repertoire size, Figures 3.1, 3.4 and 3.5 and Table 3.1) was
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increased in song-plastic species, leading to larger repertoires. Further, species with early song
stability evolved their repertoires at a slower rate than species with longer learning (delayed song
stability and song plasticity)(Table 3.5), but song-plastic species did not evolve their repertoires at
a faster rate than species with early or delayed song stability combined (Tables 3.6 to 3.9). Thus,
while repertoires only evolve directionally in song-plastic species (Tables 3.2 and 3.3), our results
suggest that extended learning through the first breeding season allows for faster, but not direc-
tional, evolution of repertoire size. It is possible, then, that delayed song learning allows individu-
als to modify their songs after migration and thus adapt their song to their new surroundings once
they establish a territory, without necessarily corresponding with sexual selection for larger reper-
toires. This ability for an individual to adapt to a new local song might be beneficial, particularly
when species have local dialect structure; however, it would not lead to directional evolution. Sec-
ond, song plasticity increased the rate of evolution primarily in traits that can be considered metrics
of song performance (song duration, intersong interval, and song rate Figure 3.12 and Table 3.5).
While these performance-related song traits evolved faster in song-plastic lineages, this rapid evo-
lution did not lead to significant differences in those song traits compared to song-stable lineages.
A possible explanation may be that increases in repertoire size necessitate changes to song struc-
ture, but multiple structural aspects of song can be altered to accommodate these changes. Thus,
there is no overall pattern of directional evolution in these other song traits. Alternatively, bird
species may be required to adapt to increasing repertoire sizes while maintaining species-specific
constraints imposed by innate aspects of song structure necessary for species recognition or female
preferences for different performance characteristics. In the latter case, if information about innate
characteristics and female preferences are known, it may be possible to predict how song traits will
change in response to increasing repertoire sizes and greater adult song plasticity.
With our analyses of correlated evolution, we aimed to detect whether the state of the reper-
toire size or adult song stability versus plasticity consistently changes first in evolutionary history,
facilitating a change in the other trait. Overall, our results suggest that there is not a consistent
order of evolutionary transitions (Figures 3.13 and 3.14). For example, song stability with very
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large syllable or song repertoires, and song plasticity with very small syllable or song repertoires
both formed evolutionarily unstable states, with high evolutionary rates of transition in both reper-
toire size and song-learning window. However, we do note that the fastest rates of transition in
our analyses were those switching between song-stability and song-plasticity to leave those unsta-
ble states. This trend suggests that the magnitude of a species’ repertoire may be more likely to
drive the evolution of learning window than vice versa. This is consistent with the idea that selec-
tion acting upon song traits could indirectly place selective pressures on the learning window. We
propose several hypotheses that could explain these evolutionary dynamics: 1) it may be dispro-
portionately costly to maintain song plasticity when syllable or song repertoire sizes are very small,
perhaps because the benefit of extra time to learn does not outweigh the metabolic cost of main-
taining plasticity, or 2) species with small syllable or song repertoires may have highly stereotyped
songs which are selected for based on accuracy of learning and consistency of song production,
favoring males that only learn from their fathers or early-life neighbors. Alternatively, in species
where females prefer larger repertoires, 3) it may simply require more time to learn a large song or
syllable repertoire than is available with a short learning window, or 4) learning large repertoires
may require too much energy devoted to song practice during the crucial period of development
before and during fledging, favoring birds that can learn for longer periods. Further research into
the physiological or reproductive costs of song plasticity is needed.
Beginning with Darwin25, numerous researchers have proposed that some mating behaviors
could lead to amplified sexual selection152,195. We tested for correlated evolution between song
stability and both social mating system (polygyny vs. monogamy) and extra-pair paternity (low
vs. high EPP), with the caveat that many species in our dataset lacked mating behavior classifi-
cations (57 species with social mating system data, 41 with EPP data). We did not find evidence
for correlated evolution between song stability and EPP. In contrast, all of our runs testing for
correlated evolution between social mating system and song stability versus plasticity were signif-
icant, showing an elevated rate of transition between monogamy and polygyny in the song-plastic
state relative to the song-stable state (Figure 3.20). This result suggests an interesting hypothesis
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for further investigation: perhaps having a plastic song-learning program facilitates evolutionary
transitions in mating systems.
Our results provide key evidence that sexual selection upon song traits might indirectly act
upon the song-learning window. We do not fully understand the mechanisms underlying the main-
tenance or reopening of the song learning window in adulthood, but genetic, environmental, hor-
monal, and social factors are likely contributors28,59,161,197,198. For example, when zebra finches
were reared in isolation, their sensitive periods were lengthened. These isolated birds maintained
both gene expression profiles associated with song learning in the song system and high levels of
neuronal addition to the HVC (a key region in the song system of the songbird brain) for longer
than birds reared with an adult male tutor199,200, linking the neural underpinnings of song learning
to the length of the song-learning window4,160,201,202. Furthermore, a positive association between
HVC volume and song repertoire size has been demonstrated both intraspecifically82 and inter-
specifically148. In light of our findings that adult song plasticity correlates with an increase in song
repertoire size, there is a logical prediction that extended song learning may be associated with
increased HVC volume across species. This is an important avenue for future research.
Although our dataset includes species from 24 different songbird families, many families are
not represented due to a lack of data about song stability. It will be important to expand this dataset
in future studies. It would also be interesting to explore the evolutionary interactions between
adult song plasticity and mimicry of heterospecific sounds, which has been observed in Mimidae
and numerous other clades across the songbird lineage203. With our current dataset, we could not
adequately explore the effects of mimicry on the evolution of song learning outside of the mimids,
but the repeated evolution of mimicry makes it a particularly interesting topic for follow-up studies
on the length of the song-learning window. In addition, different song metrics that are tailored to
mimicry would be important in studying the evolution of vocal mimics and the dynamics of their
unique vocal patterns. There is also increasing interest in the importance of female song in species,
which is more common than previously thought7,8. Our dataset includes numerous species wherein
females are known to sing at least occasionally7, but the length of the song-learning window in
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females has not been assessed in any of these species. There is, however, some evidence that
female birds can modify their song preferences in adulthood204. Thus, it remains an open question
whether song plasticity affects the evolution of female song in the same way it affects male song,
and whether species with adult song plasticity in males also have adult song plasticity in females.
Our findings shed new light on the broader subject of song evolution — specifically the evo-
lution of the process of song learning. We hypothesize that sexual selection on certain aspects of
song could in turn alter the selection pressures on the length of the song-learning window. Here, we
perform phylogenetically-controlled analyses across 67 songbird species to assess the evolutionary
interactions between song traits and song plasticity in adulthood. With these analyses, we show
the first evidence for this evolutionary relationship. Song stability is evolutionarily dependent upon
the properties of the song itself: large syllable and song repertoires appear to drive the evolution of
adult song plasticity and thus open-ended song learning. This provides context for the remarkable
interspecific variation in song-learning windows across the songbird lineage and suggests an evo-
lutionary mechanism by which sexual selection might have influenced the evolution of songbird
brains.
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Chapter 4
Modeling the evolutionary interactions of sexual selection and learning strategies on the duration
of song-learning in birds 1
4.1 Introduction
The duration of the song-learning window is highly variable among songbirds. In closed-
ended learners, it may only last for several months post-hatch (e.g. house sparrow205 and zebra
finch206) or could extend into the second breeding season in species with delayed sexual maturation
(e.g. black redstart (Phoenicurus ochruros)179 and yellow-rumped caciques (Cacicus cela)180). In
contrast, open-ended learners exhibit extended learning windows and can modify their song as
sexually mature adults4,52. Although open-ended learners are typically thought of as life-long
learners, we note that it is not clear how long these extended periods of plasticity last, as few
studies have examined adult learning beyond the second breeding season70. Nonetheless, longer
learning has been assumed to be valuable, because it would allow birds to modify their songs
if they were unsuccessful at attracting a mate with their current song or, in species that engage in
song-matching, continual modification of songs could be advantageous if the males on neighboring
territories differ from year to year1,4. Because song is so important for mate attraction207,208, it
has long been wondered why all birds do not engage in open-ended learning. To explain this
discrepancy, it is hypothesized that maintaining the neural plasticity required for extended periods
of song learning could be metabolically costly, or that devoting additional time to song learning and
practicing would reduce the time remaining for other critical activities like foraging4,52. However,
experimentally testing the existence of these proposed costs and quantifying their effect on overall
reproductive fitness in live birds would be extraordinarily difficult.
In addition to a variable length of the song-learning window, different bird species appear
to use different learning strategies to acquire and modify their adult songs51,52. Some species
1This chapter is adapted from my article Modeling the evolutionary interactions of sexual selection and learning
strategies on the duration of song-learning in birds, which is in revision at PLOS Computational Biology71
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replicate their father’s song with high accuracy (e.g. Darwin’s finches27), while other species
instead conform to a short local dialect (e.g. white-crowned sparrows209,210), and still other species
can modify their song to better match a neighbor once they reach their breeding ground as adults
(e.g. chipping sparrows (Spizella passerina)20 and swamp sparrows (Melospiza georgiana)211).
Species whose song consists of a large repertoire with a high proportion of mimicked sounds
(e.g. mimids, starlings, and lyrebirds) can learn new syllables from conspecific and heterospecific
individuals, including non-avian species, as well as inanimate objects170,212–214. Unsurprisingly,
there are marked differences in song structure and syllable number between species that are known
to employ different learning strategies. However, in many species, it is not clear which learning
strategy males use to create their song or the extent to which song structure is affected by song-
learning strategy.
If different learning strategies can be leveraged to produce songs with specific characteristics,
it seems likely that some learning strategies are more valuable than others in certain selective
contexts. In particular, female preference for larger repertoires may favor indiscriminate addition
of novel sounds, while a preference for specific song features would likely favor high-accuracy
learning from a bird’s father or neighboring conspecifics. However, it is likely that the length
of the song-learning window interacts with learning strategy to conform to selection pressures,
which complicates these otherwise straightforward hypotheses. Furthermore, analysis of these
interactions would require examining a population on an evolutionary timescale. Previous work
modeling the interactions between learning and sexual selection have focused on speciation66–68,
between-species interactions69, or acquisition and maintenance of learned song in place of innate
song65, but none have considered how selection pressures on song interact with the male song-
learning strategy to affect the evolution of song and/or the duration of song learning.
Here, we present a model of birdsong evolution to address these relationships. This model
simulates a population of birds with evolving syllable repertoires and song-learning traits. We
test which learning strategies are selected for when males with either larger repertoires or better
song-matching are most likely to reproduce; for the purposes of this manuscript, we frame these
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selection pressures in terms of female preferences. We also test whether longer learning windows
must be costly to allow for the evolution of shorter windows by adding a conditional fitness penalty
on longer learning in a subset of simulations and setting this penalty to zero in others. Overall,
we found support for the hypothesis that a strong female preference for large repertoires would
favor indiscriminate syllable addition and extended learning windows, while either learning purely
vertically from a male’s father or learning obliquely according to conformity bias with a short
learning window were beneficial strategies when females strongly prefer songs that matched a
template. Unexpectedly, we found that a fitness cost on longer learning windows was not required
to evolve shorter song-learning windows, though it allowed this transition to occur more readily.
4.2 Methods
4.2.1 Data and code availability
C# library, programs, and walk-through:
https://github.com/CreanzaLab/SongEvolutionModel/tree/master/Csharp-Library-and-Programs
R package, code manual, and walk-though:
https://github.com/CreanzaLab/SongEvolutionModel/tree/master/R-Package
Parameter generators and data visualizing code:
https://github.com/CreanzaLab/SongEvolutionModel/tree/master/OverviewPaper
4.2.2 Model design
The song evolution model was coded as a C# library that is incorporated into console appli-
cations. We used the BetaScaled.PERT function from MathNet.Numerics v4.5.1; all
other scripts were custom. R scripts were used to generate the parameter set files and plot the data
output from console applications. Furthermore, we developed a functionally identical R version of
the model, which is available as a package, but was not used to generate any simulation data in this
study, because the C# version ran substantially faster. For this study, the default values were used
for all parameters unless otherwise noted in figure legends or Table 4.1. A full explanation of the
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defaults and components exists in both the C# Walk-Through and R Walk-Through. Note that the
walk-throughs are exhaustive and also contain information about features not implemented in this
manuscript. Any feature not covered below was not used.
Table 4.1: All parameters modified in this paper and their defaults. A full list of all parame-
ters and their defaults is available in the walk-through. Song-learning traits can evolve if they are
given an inheritance noise (ε) greater than 0 (see methods for equation); if ε = 0, all members
of the population are initialized with the same initial value for a trait and chicks inherit this trait
perfectly from their fathers. For this paper, learning accuracy and learning threshold can evolve,
while chance to invent and forget are static. The average population repertoire size can also evolve,
though this is based on song-learning behavior, not inheritance from the father with noise. Addi-
tionally, in the full model, female preference for larger repertoires and female preference for better
template matches are two separate parameters. Because the two always sum to 100% in this paper,
we talk about them as though they were a single parameter below and in the heatmaps.
Variable Meaning Default Range
Initial
Repertoire
size
number of syllables that an each individual
in a population has a 90% chance to know
at simulation start. Also affects the female
template, which does not change over time
for this paper.
5 5, 20
Initial Ac-
curacy
the mode learning accuracy for the popula-
tion at the start of the simulation
70% 10-90%,
95%
Inherited
Accuracy
Noise
the boundary for the distribution of learning
accuracy values that a male chick can inherit
is his father’s learning accuracy +/- this value
15% 0-25%
Initial
Learning
Threshold
mode length of the song-learning window for
the population at simulation start
2 .5-3.5, 10
Chance to
Invent
chance that a male will invent a new syllable
when he attempts and fails to correctly learn
a tutor’s syllable
10% 5%, 10%,
50%
Chance to
Forget
chance that a male will forget syllable he
knows, but his tutor did not sing
20% 20%, 50%,
80%
Learning
Penalty
fitness cost applied to males that have a learn-
ing window longer than 1 time step (analo-
gous to 1 year); is prorated so birds that learn
longer are more severely affected
.75 0-2
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Learning
Strategy
the method males use to learn obliquely.
Add: learner attempts to add all the syl-
lables that his tutor sang to his repertoire.
Add/Forget: learner attempts to learn all the
syllables that his tutor sang, but he also has
a chance to forget syllables he knows, but
which the tutor did not sing. Conformity:
learner listens to multiple tutors and adds or
loses syllables based on conformity bias.
NA Add,
Add/Forget,
Conformity
Conformity
Number
of Tutors
number of tutors a male listens to when using
the Conformity learning strategy
8 2-12
Repertoire
Size Pref-
erence
amount that female preference relies on pref-
erence for larger repertoires; for this paper,
if this value is less than 100%, the remaining
percentage is female preference for matching
to the female song template
NA 0-100%
Vertical
Learning
whether males learn from their fathers True True, False
Oblique
Learning
whether males learn from from males in the
population post-fledging
True True, False
Listening
Threshold
the amount of a tutor’s repertoire that a
learner hears. It is either a percentage of the
repertoire or a discrete number of syllables.
7 7, 0%, 30%,
60%, 100%
Father
Listening
Threshold
the amount of a father’s repertoire that a son
hears. It is either a percentage of the reper-
toire or a discrete number of syllables.
100% 0%, 30%,
60%, 100%
Minimum
Learned
Syllables
the minimum number of syllables a male
learns when the listening threshold is a per-
centage
7 0, 3, 7, 15
4.2.3 Model operations in brief
See Figure 4.1 for a visual summary of the model. Given a set of parameters, a population
of 400 male birds in a 20x20 matrix is initialized with a syllable repertoire and song-learning
traits. The syllable repertoire is in essence an array of length 500. Syllables are coded in binary
terms such that males either have a specific syllable or they do not. For this paper, at time step
0, males are initialized with similar syllable repertoires in the same region of the syllable vector
(e.g. they can know syllables 1-7, and are most likely to know 1-5). However these repertoires are
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generated stochastically, so males do not all have the exact same syllable repertoire. Female birds
are initialized with a level of preference between 0% and 100% for repertoire size (preference for
mates whose song contains more syllables) and template matching (preference for mates whose
song more closely matches their template song). Females use this preference to score potential
mates, and they are more likely to choose males with higher scores. The levels of these two
preferences combined always sum to 100% in this paper. All females in a simulation have identical
preferences. If females display any preference for template-matching, one female template song
is generated at the start of a simulation, following the same rules and in the same region of the
syllable space as the male templates. All females are given a copy of this single template, which
does not evolve over the course of the simulation. If the level of template-matching preference is
0%, a song template is not generated, because it is not used by the females in mate choice.
Figure 4.1: Summary of model events. First, a population of birds is initialized. Next, a pro-
portion of birds in of each age group are chosen to be eliminated. If there is a learning penalty,
birds with thresholds longer than one year (time step) are more likely to be eliminated. Longer
learning windows increase the chance of being chosen. Surviving birds then can learn obliquely
if they are younger than their learning threshold and oblique learning is enabled. Birds then age
up by one year. Finally, males are chosen to sire chicks to replace eliminated males. Males are
chosen to reproduce based on their song traits (i.e. having larger repertoires or better matching the
female song template). Chicks inherit song-learning traits from their fathers with some amount of
inheritance noise. Unless the inheritance noise is set to zero, chicks are similar to, but not identical
to, their fathers. Chicks then vertically learn their song from their fathers if vertical learning is
enabled. The cycles returns to the elimination step and continues for a user-specified number of
time steps.
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4.2.4 Song learning and male traits
The male song-learning traits include:
Length of the song learning window (‘learning threshold’): the age at which a male can no
longer modify his syllable repertoire. Males must have a learning threshold of at least 0.25
to learn vertically. Longer thresholds give males a chance to learn obliquely as well. The
learning threshold is continuous, even though age is always a discrete integer. To account
for this, the fractional portion of learning threshold is the chance that a male learns obliquely
during the time step when he is only one time step older than his learning threshold; i.e. a
bird with a learning threshold of 2.5 will learn vertically once and obliquely once in his first
year, once in his second year, and has a 50% chance of learning obliquely again in his third
year.
Learning accuracy (‘accuracy’): the chance that a male will successfully learn a syllable that he
attempts to learn.
Chance to invent: if a learner fails to learn a syllable, the chance that a novel syllable is created
instead.
Chance to forget: the chance that learner loses a syllable if he does not hear it sung by tutors.
In this paper, only the learning threshold and learning accuracy can evolve; chance to invent and
forget are static values that all males in a simulation share. Each male also has a stored value for his
1) age, which increases by one every time step, 2) the total number of syllables he knows, which
is updated after learning, and 3) the match between his song and his resident female’s template, if
one exists, which is also updated after learning. The match is calculated as the number of shared
syllables minus the number of extra syllables a male knew divided by the total syllable repertoire
of the female.
Each time step, multiple males are chosen to die. For this paper, death is dependent on the age
of the birds. Male chicks have a 30% survival rate215–218, and adult males have an approximately
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83% survival rate at each time step, following a type II survival curve, which is typical of birds219
(see walk-through Section: Implementing a Type II Survival Curve). Thus, approximately
37% of the male population is replaced every time step. Males from each age group are randomly
chosen to die with a probability based on their learning threshold. Males with learning thresholds
greater than 1 time step are penalized, such that they are more likely to be chosen to die than birds
with learning threshold of 1 or less. This penalty is prorated such that birds which learn until the
max age of the population are more heavily penalized than birds with learning thresholds that are
only slightly above 1. In some cases, the penalty parameter is set to 0, and all males in an age
group are equally likely to be chosen to die regardless of the length of the song-learning window.
For most simulations, males younger than or equal to their learning threshold have the oppor-
tunity to learn up to seven new syllables per tutor. We also test alternative cases where males learn
a discrete minimum number of syllables (Minimum Learned Syllables) plus a percentage (Lis-
tening Threshold) of the tutor’s repertoire, where marked. In these cases, the amount a male can
learn from his tutor is calculated as follows:
Learnable Syllables = Min Syllables+(Tutor Syllables−Min Syllables)∗Percentage (4.1)
Any fractional portion remaining is the chance for a male to learn one additional syllable.
We implement three different oblique learning strategies: ‘Add’, in which new syllables can be
added from a tutor; ‘Add/Forget’, in which syllables can be both added and lost to better match
a tutor’s song; and ‘Conformity’, in which a bird surveys multiple tutors, adding syllables based
on conformity bias and attempting to lose syllables the tutors lack. For the Add and Add/Forget
learning strategies, only one tutor is chosen per time step, while for the Conformity strategy 8
tutors are chosen per time step, unless otherwise noted. For this paper, tutors are chosen randomly
from all males in the population that are alive, know at least one syllable, and are not chicks (age
> 0). The age of the birds is increased by one after the learning step.
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In each time step, males are randomly chosen to father new male chicks, which will replace
the males that have died. The chance of being selected as a father is based on how well each male
conforms to female preferences. For this paper, all males in the population that are alive and know
at least one syllable can father chicks that will acquire a random territory previously inhabited by
an eliminated male.
Male chicks are generated based on their father’s song-learning traits; for each trait that evolves,
a beta-PERT distribution is created that satisfies the following:
Mode =V (4.2a)
Max = min(X, V + ε) (4.2b)
Min = max(0, V − ε) (4.2c)
Where : V = Father′s Trait, ε = Parameterized Noise, X = max possible value
X is 20 when calculating a chick’s learning threshold, and X is 1 for all other traits. Thus,
chicks are more likely to have learning trait values similar to their father’s learning trait values,
and chosen values are always within the absolute minimum and maximum bounds for a trait. A
random value is drawn from this distribution and assigned to the chick. For most simulations, a
chick can then learn his father’s entire repertoire based on his song-learning traits. However, we
test parameter sets where chicks can only learn a percentage of the father’s repertoire or cannot
learn vertically, where indicated.
4.2.5 Parameter sweeps
To examine how different combinations of parameters interaction with one another, we per-
formed parameter sweeps. Sweeps either entailed changing a few levels for many parameters to
look for large scale interactions between multiple parameters or changing many levels for a few
parameters to look at interactions in finer detail. Each parameter set was run for 4,000 time steps,
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and repeated for 50 individual iterations. Box plots show the averages at the final time step, while
show the traces for the 50 iterations of each parameter set in the overview sweep (see Figures S1-
S3 and Table S1 for parameters in each run from (Robinson and Creanza 201971). Traces show
that 400 time steps was a sufficient number for most parameter sets to reach an equilibrium state,
where the population song traits had stabilized (i.e. traces had a slope of approximately 0). There
were several cases where 4,000 time steps was not sufficient to allow all iterations to reach an equi-
librium state, so we reran these parameter sets for 20,000 time steps (see Figures S4 (Robinson
and Creanza 201971). Running the simulations longer allowed most if not all iterations to reach the
equilibrium state, but did not change the overall results, so we continued running our experiments
for 4,000 time steps. See Table 4.1 and figure legends for information about which parameters
were changed for each sweep. Any parameters not mentioned in this paper were set as the model
defaults (see walk-through Section: .SEMP Files).
4.2.6 Heat maps
For each heat map, 50 iterations of each parameter set were run for 4,000 time steps each. The
heat map data shows the average of the 50 final time steps for a parameter set. See text and figures
for information about which parameters were changed for each sweep. Any individual parameters
not mentioned were set as the defaults for this paper, as explained above.
4.2.7 Learning invasion
For invasion experiments, 1,000 iterations were run for each parameter set. Simulations began
without invaders, and then 4 invaders (1% of the population) were introduced at time step 500.
Invaders were created by randomly choosing territories and reassigning the learning threshold at
that territory to the invading value. The age for invaders was set to 1, so they would have the best
chance of surviving several time steps. Invasion simulations ended when all invaders and their
progeny were removed from the population, they overtook the population (100% conversion to the
invader phenotype), or 400 time steps had passed, whichever occurred first. We set the inheri-
tance noise for the learning-window (ε) to 0, so males within a simulation would be initialized at
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time step 0 with the same learning window duration, and chicks would inherit this trait perfectly
from their fathers. We conducted these simulations with three defined learning-window states: 1)
Closed-ended learners had a learning window of 0.25 years, so they would only learn vertically
from their fathers. 2) Delayed closed-ended learners had a learning window of 1 year, so birds
would learn vertically and would make one attempt to learn obliquely (not penalized for longer
learning). This was meant to represent birds that maintain song plasticity until shortly after their
first migration. 3) Open-ended learners have a learning window of 2 years, so they learn vertically
and attempt to learn obliquely twice (thus, they are penalized for longer learning). We chose 2
years because most research examining the length of the song learning window did not test birds
past their second breeding season, so it is unknown how prevalent life-long learning is in birds70.
For each invasion test, all birds in the model began in one state.
4.2.8 Validation
For the current study, we expected to see the following if our model worked as intended: (1)
Increasing the learning penalty should decrease the length of the song-learning window. (2) When
females choose mates based on exclusively on how well they match a song template (match pref-
erence 100%), the average repertoire size should be approximately the length of the template. (3)
When females prefer larger repertoires and a population of birds starts with a small repertoire, the
average repertoire size should evolve to larger values during the simulation. All of these expecta-
tions were met Figure 4.2.
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Figure 4.2: Non-aggregated data for the initial parameter sweep. Each box plot represents 50
individual iterations. The same iterations were used in all four plots here and in the corresponding
Figures 4.3 and 4.10. Abbreviations: LTH = Learning Threshold, Lpen = Learning Penalty, Rep
= Initial Repertoire Size, Acc = Initial Learning Accuracy.
4.3 Results
4.3.1 Model overview
We chose to model two types of female preferences that have been proposed in the literature
as selection pressures: 1) preference for larger repertoires and 2) preference for songs that match
a specific song template (analogous to preference for specific song dialects). Selection pressures
were implemented by giving the highest opportunity to breed to male birds that best fit these
preferences. We assigned males four song-learning traits: 1) learning accuracy 2) length of the
song-learning window, 3) chance to invent a new syllable, and 4) chance to forget a syllable. Of
note, birds with song-learning windows of less than 0.25 (analogous to 3 months) do not learn.
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Males with learning thresholds of 0.25 will learn vertically from their fathers. Longer learning
windows give males the chance to learn obliquely from one or more randomly chosen adult males
for as many years as the learning threshold allows (e.g. a threshold of 1.5 means a male will learn
obliquely once and has a 50% chance to learn obliquely a second time). It is likely that differ-
ent species use different strategies to learn obliquely, so we implemented three learning strategies.
The ‘Add’ strategy allows the learner to acquire syllables indiscriminately. The ‘Add/Forget’ strat-
egy allows the learner to both add new syllables and try to forget syllables that he had previously
acquired which the tutor did not sing, enabling a closer match to the tutor’s song. The ‘Confor-
mity’ strategy allows the learner to sample from several tutors and learn new syllables based on
conformity bias and try to forget known syllables that no tutor sang.
A final component we considered was the debate over the cost of longer song-learning win-
dows. It has been proposed that the ability to learn in adulthood would induce fitness costs, such
as a greater metabolic cost4,52. While this is a reasonable hypothesis, a cost to longer learning
has not been quantified in real birds, so it is not clear if this cost exists and whether it constrains
the evolution of the song learning window. To examine whether such a cost is necessary for the
evolution of shorter learning windows, we implemented a variable learning penalty on birds with
a learning threshold greater than 1 year, which affected their chance to survive to the next time
step. We divided most of the results for this paper into trends seen when females exclusively prefer
larger repertoires or when females exclusively prefer template matching, but the results from these
two sections can also be compared with one another since we conducted our simulations with the
same parameter sets, as noted in the figure legends (e.g. Figure 4.3 and Figure 4.10 can be com-
pared). If the value for a parameter is not labeled in the figure, we used the default value noted in
Table 4.1 (for parameters we changed in this paper) or in the walk-through (for parameters we
never changed in this paper).
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4.3.2 Female preference for larger repertoires
We conducted a large parameter sweep to assess the effects of different parameters in our
model. In the overview sweep, when females preferred larger repertoires, the Add strategy always
led to repertoires of over 100 syllables, while the Add/Forget and Conformity strategies led to
repertoire of less that 50 syllables (Figure 4.3A). While all learning strategies led to the mainte-
nance of adult learning when there was no learning penalty on extended learning windows (average
learning window >5 years, Figure 4.3B), the length of these windows decreased as the learning
penalty was increased. Of note, males using the Add strategy maintained longer learning in the
face of the strongest learning penalty (∼2 years, meaning that most males would be penalized, Fig-
ure 4.3B) than males using the Add/Forget and Conformity strategies (∼1 year, meaning that males
can avoid the learning penalty, Figure 4.3B). When the learning penalty was increased, average
repertoire sizes decreased for all learning strategies, but this was most noticeable for the Add strat-
egy (Figure 4.3A). Learning accuracy at the end of the simulation was similar for all parameter
sets (Figure 4.3C).
We next examined how changing several other parameters affected song evolution. Increasing
the chance to invent a new syllable after inaccurately learning a tutor’s syllable led to larger reper-
toire sizes Figure 4.4. Increasing the chance to forget led to smaller repertoire sizes and increased
the learning accuracy for simulations using the Conformity strategy Figure 4.5. Decreasing the
number of tutors sampled for the Conformity strategy led to larger repertoires Figure 4.6.
The tutor-choice strategy employed here allows males to learn a significant portion of their
repertoire from their fathers. However, extensive or exclusive vertical song-learning in male birds
appears to be rare220–224. Furthermore, learners could only obtain a maximum of 7 new syllables
per oblique tutor, and allowing for a greater amount of learning from oblique learning could affect
the evolutionary patterns we found. We tested this possibility by allowing birds to learn more
syllables from oblique tutors, and we found that changing these parameters had a large effect on
the magnitude of the final repertoire size but did not greatly affect the evolutionary relationships
between the different song-learning traits (Figure 4.7 and Figure 4.8).
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Figure 4.3: Parameter sweep when females exclusively prefer larger repertoires. Each box
plot represents 200 individual iterations, because simulations that differed only in their initial learn-
ing accuracy and repertoire size were aggregated (see Figure 4.2 for non-aggregated results). The
same iterations were used in all three plots. This plot can be directly compared to Figure 4.10.
Abbreviations: LTH = Learning Threshold, Lpen = Learning Penalty.
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Figure 4.4: Increasing the chance to invent increases repertoire size when females exclusively
prefer larger repertoires. Each box plot represents 50 individual iterations. The same iterations
were used in all three plots. Abbreviations: LTH = Learning Threshold, Lpen = Learning Penalty,
ChInv = Chance to Invent.
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Figure 4.5: Increasing the chance to forget decreases repertoire size when females exclusively
prefer larger repertoires. Each box plot represents 50 individual iterations. The same iterations
were used in all three plots. Abbreviations: LTH = Learning Threshold, Lpen = Learning Penalty,
ChFor = Chance to Forget.
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Figure 4.6: Number of conformity strategy tutors has little effect on evolution when females
exclusively prefer larger repertoires. However, when the number of tutors was very small (2)
the average repertoire size was somewhat larger. Each box plot represents 50 individual iterations.
The same iterations were used in all three plots. Numbers on the x-axis show the number of tutors
sampled.
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Figure 4.7: Different tutor-choice strategies affected the final repertoire size for the Add
learning strategy. The percentage learned from tutors also affected the length of the song-
learning window. Each box plot represents 50 individual iterations. The same iterations were
used in all three plots. This plot can be directly compared to Figure 4.10. Tutor strategies are
as follows: 1) Vo-a male hears his father’s entire repertoire and none-to-all of his oblique tutor’s
repertoire, 2) vo-a male learns hears the same amount of his vertical and oblique tutors’ repertoire,
3) O-a male only learns from his oblique tutor. Abbreviations: Tutor = tutor strategy, % heard =
the percent of the repertoire a male heard, Min=minimum number of syllables heard.
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Figure 4.8: Different tutor-choice strategies affected the final repertoire size for all learning
strategies. As seen before, increasing the learning penalty decreased the duration of the song-
learning window and repertoire size. However, different tutor-choice strategies only interacted
with the learning penalty to affect repertoire size. Tutor-choice strategy had little other affect on
evolutionary dynamics. Each box plot represents 50 individual iterations. The same iterations
were used in all three plots. This plot can be directly compared to Figure 4.10. Tutor strategies are
as follows: 1) Vo-a male hears his father’s entire repertoire and none-to-all of his oblique tutor’s
repertoire, 2) vo-a male learns hears the same amount of his vertical and oblique tutors’ repertoire,
3) O-a male only learns from his oblique tutor. Abbreviations: Tutor = tutor strategy, % heard =
the percent of the repertoire a male heard, Min=minimum number of syllables heard.
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Finally, we conducted an invasion assay to determine the contexts in which open-ended learn-
ing might out-compete closed-ended learning and vice versa. For these invasion analyses, we
quantified the probability of conversion (all males are progeny of invaders) as the fraction of sim-
ulations in which the invading state overtook the initial population state (out of 1000 iterations).
When there was no learning penalty, for all learning strategies, there was a high probability of con-
version from closed-ended to delayed closed-ended learning and from closed-ended to open-ended
learning (Figure 4.9A). The probability of conversion from delayed closed-ended to open-ended
learning was very small, unless the learning strategy was Add (Figure 4.9A), and there was no
conversion to shorter learning windows. In contrast, when there was a strong learning penalty, the
conversion from closed-ended to open-ended learning was somewhat reduced, and the conversion
from delayed closed-ended to open-ended learning was markedly reduced (Figure 4.9B). Addi-
tionally, there was a small probability of conversion from open-ended to delayed closed-ended for
the Add/Forget and Conformity strategies (Figure 4.9B).
A Learning Penalty: 0
Closed DelayedClosed Open
Add: 64.4
AddForget: 60.7
Consensus: 56.4
Add: 21.1
AddForget: 5.9
Consensus: 3.1
Add: 0
AddForget: 0
Consensus: 0
Add: 0
AddForget: 0
Consensus: 0
Add: 78.8
AddForget: 72.6
Consensus: 69.6
Add: 0
AddForget: 0
Consensus: 0
B Learning Penalty: 1.5
Closed DelayedClosed Open
Add: 63.9
AddForget: 55.1
Consensus: 55.9
Add: 4.1
AddForget: 0
Consensus: 0
Add: 0
AddForget: 0
Consensus: 0
Add: 0.1
AddForget: 10
Consensus: 13.4
Add: 66.1
AddForget: 54.9
Consensus: 51.7
Add: 0
AddForget: 0.1
Consensus: 0
Figure 4.9: Percentage of conversion to invader learning strategies when females exclusively
prefer larger repertoires. This plot can be directly compared to Figure 4.15.
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4.3.3 Female preference for template-matching
When females preferred songs that matched a template, all learning strategies could be used
to maintain repertoire sizes similar to the number of syllables in that template (Figure 4.10A).
When the learning strategy was Add or Add/Forget, populations generally evolved learning win-
dows of ∼0.5 years (Figure 4.10B), even when extended learning was not costly. The learning
window inheritance noise was ε = 0.25 and the lower bound for vertical learning was 0.25 years,
meaning birds with these learning strategies tried to optimize maintaining vertical learning while
avoiding oblique learning. In other words, our results suggest that oblique learning with the Add
and Add/Forget strategies caused detrimental changes to song when females preferred template
matching. In contrast, birds using the Conformity learning strategy that experienced a learning
penalty typically evolved an average learning window of ∼1 year (Figure 4.10B), suggesting that
birds with this strategy benefited from oblique learning. They also tended to maintain longer learn-
ing windows if there was no learning penalty (average learning window>5 years) (Figure 4.10B).
Together, this suggests that Conformity learning was beneficial to song matching, but even a small
fitness penalty was enough to drive birds to evolve windows short enough to avoid the penalty.
Learning accuracy was generally high (∼85%, Figure 4.10C), though it was lower than that seen
when females preferred repertoire size (∼90% Figure 4.3C). This was surprising because we ex-
pected accurate learning to be more advantageous when males need to match a specific template
rather than simply acquire more syllables. The average match to the song template at the end of
the simulation was poor for the Add and Add/Forget strategies (average 50%, Figure 4.10D). The
Conformity learning strategy did better (∼80%, Figure 4.10D), but was still lower than some of the
values that have been reported in the literature for birds with very simple repertoires, such as ze-
bra finches225. Interestingly, there was an unexpected relationship where longer learning windows
were associated with lower learning accuracy and worse matching (Figure 4.10B-D).
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Figure 4.10: Parameter sweep when females exclusively prefer template matching. Each
box plot represents 200 individual iterations, because simulations that differed only in their initial
learning accuracy and repertoire size were aggregated (see Figure 4.2 for non-aggregated data).
The same iterations were used in all four plots. This plot can be directly compared to Figure 4.3.
Abbreviations: LTH = Learning Threshold, Lpen = Learning Penalty.
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One could hypothesize that the best template-matching would occur when birds only learn ver-
tically and do so with high learning accuracy across generations (e.g. Darwin’s finches226,227), so
we wondered whether preventing oblique learning or reducing the inheritance noise ε for learning
accuracy would lead to better matching. We found this was the case (Figure 4.11). When learning
accuracy was inherited faithfully (small ε), birds maintained smaller repertoire sizes, higher learn-
ing accuracy, and better matches (Figure 4.11D). The best song template matching was achieved
when ε was small and birds could only learn vertically. In contrast, Conformity learning was not
as strongly affected by the magnitude of the inheritance noise (ε), and this strategy led to the best
matches when ε was large (Figure 4.11D).
Increasing the chance to invent when syllables were inaccurately learned led to worse match-
ing (Figure 4.12), while the effect of chance to forget on matching depended on the learning
strategy (Figure 4.12). Increasing the number of Conformity tutors increased the length of the
song-learning window and led to better matches (Figure 4.14).
In invasion assays, when there was no learning penalty, only Conformity learners converted
from closed-ended to open-ended learners or from closed-ended to delayed closed-ended learners,
but they did so a large proportion of the time (Figure 4.15A). Open-ended learners converted to
delayed closed-ended learners some of the time if the learning strategy was Add or Add/Forget
(Figure 4.15A). When there was a large learning penalty, the conversion from closed-ended to
open-ended learning dropped by half (Figure 4.15B). The conversion from open-ended to delayed
closed-ended learning increased somewhat for the Add and Add/Forget strategy, and increased
substantially for the Conformity strategy (Figure 4.15B).
105
0
2
4
6
R
ep
er
to
ire
 S
iz
e
A
0
5
10
15
20
Le
ar
ni
ng
 T
hr
es
ho
ld
B
0.
0
0.
2
0.
4
0.
6
0.
8
1.
0
A
cc
ur
ac
y
C
0.
0
0.
2
0.
4
0.
6
0.
8
1.
0
M
at
ch
in
g
D
E=
0
E=
.0
25
E=
.0
5
E=
.1
E=
.1
5
E=
.2
E=
.2
5
E=
0
E=
.0
25
E=
.0
5
E=
.1
E=
.1
5
E=
.2
E=
.2
5
E=
0
E=
.0
25
E=
.0
5
E=
.1
E=
.1
5
E=
.2
E=
.2
5
E=
0
E=
.0
25
E=
.0
5
E=
.1
E=
.1
5
E=
.2
E=
.2
5
Add Add/For Conform Only Vert
Match Preferred
Figure 4.11: Increasing the inheritance noise for learning accuracy decreases template-
matching when females exclusively prefer template matching. Each box plot represents 50
individual iterations. The same iterations were used in all four plots. Abbreviations: Noise (ε) =
inheritance noise for learning accuracy.
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Figure 4.12: Increasing the chance to invent increases repertoire size when females exclu-
sively prefer template matching. Each box plot represents 50 individual iterations. The same
iterations were used in all four plots. Abbreviations: LTH = Learning Threshold, Lpen = Learn-
ing Penalty, ChInv = Chance to Invent.
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Figure 4.13: Increasing the chance to forget decreases repertoire size when females exclu-
sively prefer template matching. Each box plot represents 50 individual iterations. The same
iterations were used in all four plots. Abbreviations: LTH = Learning Threshold, Lpen = Learn-
ing Penalty, ChFor = Chance to Forget.
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Figure 4.14: Number of Conformity strategy tutors has little effect on evolution when females
exclusively prefer template matching. Each box plot represents 50 individual iterations. The
same iterations were used in all four plots. Numbers on the x-axis show the number of tutors
sampled.
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Figure 4.15: Percentage of conversion to invader learning strategies when females exclusively
prefer template matching. This plot can be directly compared to Figure 4.9.
4.3.4 Mixed female preferences
The previous experiments examined a scenario in which females exclusively prefer either larger
repertoires or songs that match a song template. However, it seems likely that many species would
have a combination of these preferences, such as preferring larger repertoires but only if they also
included species-typical syllables or syntax. We examined how mixed preferences interact with
learning strategy and the presence or absence of a learning penalty by making heat maps show-
ing the value of a given song-learning trait when we varied the female preference from 100%
repertoire-size preference (0% template-matching preference) to 100% template-matching prefer-
ence (0% repertoire-size preference) and also varied the learning penalty (Figure 4.16). We found
that accurate matching was only maintained when the female preference for template-matching
was very high and the learning strategy was Add or Add/Forget (>80%, Figure 4.16A-B, D-E).
However, when the learning strategy was Conformity, matches were maintained fairly well until
the preference for larger repertoires was greater than 50% (Figure 4.16C, F). While there was little
compromise between matching and repertoire size for Add and Add/Forget strategies, when males
used a Conformity strategy and the female preference for matching was between 40-80%, matches
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became somewhat worse and repertoires became somewhat larger. As we had seen previously,
increasing the learning penalty decreased repertoire size and the length of the learning window
(Figure 4.16G-I). We did not see strong evidence for an interaction between mixed female prefer-
ences and the learning penalty for any learning strategy for any song-learning trait (Figure 4.16);
however, there is a weak trend for longer learning windows in males using the Conformity learn-
ing strategy in the face of weak learning penalties that is dependent on the female preference
for larger repertoires (Figure 4.16I). We tested whether there was an interaction between female
preferences and the initial length of the learning window and found that this was the case for all
song-learning traits if the learning strategy was Add or Add/Forget (Figure 4.17A-B, D-E, G-H).
We did not see this relationship when the learning strategy was Conformity (Figure 4.17C, F, I).
We also tested whether there was an interaction between female preferences and initial learning ac-
curacy, and found no strong interaction for any song-learning trait given any song-learning strategy
(Figure 4.18).
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Figure 4.16: Although the magnitude of the learning penalty and female preferences indi-
vidually affect song evolution, they largely do not interact; the patterns are driven by one
parameter or the other. The only notable exception to this occurs with the Conformity learning
strategy (e.g. panels C, F); the length of the learning threshold was less strongly affected by the
learning penalty when the preference for larger syllable repertoires was greater. Darker colors in-
dicate larger values. The color scale for each graph is unique and marked on the right of the graph.
The female preferences for larger repertoires and matching a song template always add to 1, so
a smaller preference for larger repertoires means a larger preference for template matching. NAs
note that data were not collected for matching, because females templates are not generated when
they exclusively prefer larger syllable repertoires.
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Figure 4.17: Initial learning threshold interacts with female preferences to affect song evolu-
tion. For the Add and Add/Forget strategies, the diagonal patterning shows that repertoire size and
the learning threshold grow larger as the initial learning threshold increases, but stronger prefer-
ence for matching can overcome this. Darker colors mean larger values. The color scale for each
graph is unique and marked on the right of the graph. The female preferences for larger repertoires
and matching a song template always add to 1, so a smaller preference for larger repertoires means
a larger preference for template matching. NAs note that data were not collected for matching, be-
cause females templates are not generated when they exclusively prefer larger syllable repertoires.
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Figure 4.18: Initial learning accuracy has little affect on song evolution.Darker colors mean
larger values. The color scale for each graph is unique and marked on the right of the graph.
The female preferences for larger repertoires and matching a song template always add to 1, so
a smaller preference for larger repertoires means a larger preference for template matching. NAs
note that data were not collected for matching, because females templates are not generated when
they exclusively prefer larger syllable repertoires.
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4.4 Discussion
There is evidence from field and laboratory studies that female birds prefer different aspects
of song, that different birds species employ different strategies to learn song, and that the length
of the song-learning window varies between species. Because all these variables could affect
birdsong evolution, it seems likely that they would interact, but examining these interactions in
live birds would be difficult or impossible. Here, we used a computational model that simulates
how different female preferences and male learning strategies affect the length of the song-learning
window, syllable repertoire, and other song-learning traits.
4.4.1 Which learning strategies were best suited to different female preferences?
When females preferred larger repertoires exclusively, the Add strategy, where males indis-
criminately learn new syllables, led to the largest syllable repertoires. Furthermore, males using
this strategy maintained longer learning windows (>2 years) even when extended learning resulted
in a large fitness cost. This makes intuitive sense; if females prefer elaboration and not specific
features of song, then learning to produce every possible sound is in a male’s best interest. While it
is unlikely that females of many bird species prefer males based only on elaboration with no regard
to syntax or species-specific features, some species show evidence for this pattern: mimids, star-
lings, and lyrebirds add sounds to their repertoires that were originally acquired from other species,
or even from abiotic sources, and have very large repertoires170,212,214. The Add/Forget and Con-
formity strategy did not lead to such large repertoires or long learning windows, but simulations
using these strategies maintained oblique learning, suggesting that the oblique learning after verti-
cal learning did confer a benefit over pure vertical learning when females prefer larger repertoires.
We also note that even when the female preference for repertoire size was reduced (to 20% for the
Add strategy and 30% for the Add/Forget strategy), males still maintained oblique learning and
increased their repertoire sizes. Together, these results suggest that longer learning windows could
be generally beneficial for males in the face of moderate-to-strong female preference for larger
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repertoires. Indeed, we showed previously in a cross-species meta-analysis of actual field data that
longer learning windows were associated with larger repertoire sizes Chapter 370.
When females preferred males with songs that match song templates, the Add and Add/Forget
strategies for oblique learning were detrimental to template matching, and males would evolve
shorter learning windows that minimized oblique learning. This was not surprising for the Add
strategy, but was unexpected for the Add/Forget strategy. We thought that the Add/Forget strategy
would allow a learner to lose inappropriate syllables that he had learned from his father, which
would make extended learning valuable, as has been suggested for selection-based learning strate-
gies221,228. However, in the invasion assays, where males were in non-evolvable states of closed-
ended (learning window duration 0.25 years), delayed closed-ended (1 year), and open-ended
(2 years), there was a very low probability of conversion from open- or delayed closed-ended
to closed-ended learning for models using these learning strategies. This suggests that learning
obliquely is more beneficial than exclusive vertical learning when the entire population has to pick
one strategy or the other. These two results together imply that even with the strategies that greatly
reduced the length of the song-learning window, having some percentage of oblique learning in a
population can be valuable when females prefer songs that match a template, though most males
will avoid engaging in oblique learning. This may help explain cases such as Great Tit (Parus
major), where one paper showed that individuals of this species can change their syllable reper-
toire across years229, while a larger-scale study in a different population of this species showed
that the syllable repertoire was consistent across years136. It may be that a only small percentage
individuals in this species is capable of or chooses to modify their syllable repertoires, while the
vast majority do not. Alternatively, it has been demonstrated in a number of species that the length
of the song-learning window is subject to social and environmental experiences and hormonal
cues28,59,161,197,198, and this flexibility is believed to be beneficial for birds raised in less than ideal
circumstances. Although we did not include a mechanism to allow birds with poor songs to choose
whether to learn or not, our results provide further support for this hypothesis that flexible timing
for the closing of the song-learning window is valuable.
116
On the other hand, simulations using the Conformity strategy did maintain at least one year of
oblique learning when females preferred songs that matched a template. This strategy was fairly
effective in maintaining matches in our main parameter sweep, and modifying other parameters
(the inheritance error of learning accuracy, the number of tutors sampled, the chance to forget, or
the chance to invent) was sufficient to allow for average population matches of 90% or greater.
Together, these results suggest that oblique learning via conformity bias is effective when females
prefer template-matching. Indeed, conformity bias has also been suggested to allow for extremely
stable song traditions in swamp sparrows211. However, simulations where only vertical learning
was possible (similar to Darwin’s finches226) and learning accuracy was highly heritable led to
the tightest distribution of accurate matches (greater than 90%). This leaves open the question
of what benefit Conformity learning offers over just vertical learning. When females showed
mixed preferences for larger repertoire sizes and template matching, we found that the Conformity
strategy allowed the balancing of these two preferences, and repertoire sizes would grow somewhat
larger while also maintaining some ability to match a template. Perhaps, the evolutionary value
of Conformity learning could be in balancing strong-to-moderate preferences for matching with a
weak-to-moderate preference for larger repertoires. Alternatively, in species where song-matching
between territorial neighbors is critical, such as in swamp sparrows, the father’s song template may
not be appropriate for the final breeding territory of his offspring, so extended or delayed learning
may be necessary even if it is more costly.
4.4.2 Must extended learning be costly to prevent the evolution of universally long learning win-
dows?
Although it is likely that there is some cost to maintaining the ability to learn song in adulthood,
we found that longer learning does not need to incur a cost for shorter learning windows to be
advantageous. When females preferred songs that matched a template, males with the Add or
Add/Forget strategies tended to evolve shorter song-learning windows (∼0.5 years, Figures 4.2
and 4.10) even when longer learning had no fitness cost. Furthermore, the invasion assays showed
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that open-ended learners using the Add or Add/Forget strategies could be converted into delayed
closed-ended learners even when there was no learning penalty. Overall, these results imply that
oblique learning can potentially produce song that fits female preferences less well than it would
have been without this extra learning; this effect is sufficiently detrimental to mate choice that birds
can evolve shorter song-learning windows in the absence of a specific metabolic cost.
That said, we found that the evolution of shorter learning windows occurred more readily if a
learning penalty existed. Models with the Add or Add/Forget strategy universally evolved short
learning windows in the presence of a learning penalty, even if the initial learning window was 10
years, and increased conversion from open-ended to delayed closed-ended learning in the invasion
assay. Importantly, application of a fitness cost on longer learning did not prevent models from
evolving longer learning windows (greater than 1 year) when learning was beneficial, though the
learning windows evolved to be shorter as the penalty became greater. Together, these results
show that an extended learning window does not not need to be metabolically costly to evolve
shorter learning windows, though such costs do make this transition occur more readily. Of greater
importance, our results call attention to an idea not often considered in birdsong: adult learning
does not always lead to better song, and can in fact lead to worse song. To understand why some
species engage in adult learning, while others do not, assessing the positive and negative outcomes
of different learning strategies given different song constraints and selection pressures will be as
important as identifying the metabolic and time commitment costs of this learning.
4.5 Limitations and future directions
Although we frame our interpretation in the lens of female preference, our results are not lim-
ited to questions of mate choice; as implemented in this paper, the model chooses which males
will breed based on their repertoire size and/or their match to a single, template. Thus, these re-
sults can be generalized to any selective pressure that would give males with certain song traits a
reproductive advantage, such as male-male song competitions over territory boundaries or status in
dominance hierarchies. However, this model also omits several interesting facets of song learning.
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It has been shown that the social context in which a learner hears song is important32–34. Juvenile
birds may be more likely to attend to and learn from interactions between multiple birds, where
they are perhaps judging whether to learn from a tutor based on whether he successfully attracts
a mate or fends off another male. In this model, the only fitness information that a juvenile bird
knows about other males is that its father reproduced successfully, so he would make a good tutor.
In contrast, learners randomly choose oblique tutors, regardless of the tutor’s previous success in
attracting mates. If we recoded the model so that learners could discriminate between successful
and unsuccessful males and only learn from successful males, then oblique learning would likely
be more valuable. However, it is unclear whether adding this feature would simply increase the
speed at which song evolves to fit selective pressures or whether it would allow song to better adapt
to those pressures leading to higher accuracy matching, larger repertoires, and a better balancing
between preferences in mixed preference contexts. We also conducted most of our analysis with
one tutor-choice strategy, where males learn most of their father’s song and some additional sylla-
bles from oblique tutors, even though real birds exhibit numerous patterns of song learning220–224.
However, allowing for other tutor-choice strategies, greater oblique learning, and reduced vertical
learning did not greatly affect relationships between song-learning traits when females preferred
larger repertoires. Because the song-matching templates in the majority of experiments were small
(5 syllables +/- 2), and repertoire sizes did not grow significantly, implementing different tutor-
choice strategies would not greatly affect the outcomes of simulations where females preferred
males whose songs matched a template.
Furthermore, our model only examined the utility of learning when selective forces remain
static. If female preferences are evolving, then some learning strategies may be better suited to
adapt to the changing pressure. Based on the results shown in our heat maps for the learning
strategies we tested Figure 4.16, we would hypothesize that the Conformity learning strategy
would be best suited to changing female preferences, since there was a range over which it allowed
males to optimize between repertoire size and template matching instead of picking one strategy
over the other. Additionally, our model does not allow for males to evolve different learning
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strategies. It is unknown what biological and environmental conditions lead to the evolution of
new learning strategies; however, it is likely that, in some species, males might be able pick one
of several learning strategies that persist in the population. Indeed, it has been shown that males
adopt different mate guarding strategies within a single population, and these strategies exist in an
equilibrium with one another230.
Finally, other female preferences have been proposed which we did not examine here. In ca-
naries (Serinus canaria), it has been shown that females respond more strongly to “sexy syllables”
within song231,232. However, it is not clear from these studies whether males are able to figure
out which syllables females prefer. In our model, syllables either all have the same value when
larger repertoires are preferred, or they are “good” (within a song template) or “bad” (not in the
song template) when females prefer template matching. The model is constructed such that im-
plementing feature-weighted syllables to examine how sexy syllables affect song evolution would
be possible in the future. Our model also does not explicitly consider syntax or how well males
perform complex syllables. Because “syllables” in our model are just the presence or absence of a
value in a male’s repertoire, what we define as a syllable could be re-framed as a syntax element
that is performed correctly or not. However, it may not be possible to examine continuous traits
like preference for better performance in our model as currently implemented.
In the future, our model is poised to analyze many other important questions regarding learn-
ing and song evolution. Currently, it allows for the establishment of dialects within a population,
evolution of female song template preferences, the prevention of vertical or oblique learning, and
for mate and tutor choices to be made globally as we did in this study or from a pool of nearby
neighbors. By providing the open-source code, we hope to encourage other researchers to use and
expand on the model to generate testable predictions for other questions regarding the evolution
of song-learning. Here, we provide evidence that short learning windows can evolve in the ab-
sence of an inherent metabolic cost, because not all learning strategies are beneficial in all sexual
selection contexts. Furthermore, our results suggest that even in populations that do not typically
learn as adults, it can be beneficial to the population for some individuals to learn as adults. This
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population-level variability could potential allow a species to more quickly adapt to changing fe-
male preferences.
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Chapter 5
Mechanisms for the establishment and maintenance of songbird dialects
5.1 Introduction
Regional song dialects occur when songbirds of one species sing one song type in one region
and members of the same species in another location sing a different song1,209,233. In species with
song dialects, males typically only know one dialect, and researchers rarely find mixed-dialect
singers that know multiple dialects or males that sing a song that is a hybrid between two di-
alects234–236. Furthermore, dialects appear to be fairly stable. For example, in a population of corn
buntings (Emberiza calandra), where dialects have been particularly well studied, both the sylla-
ble composition of individual dialects and the boundaries between dialect regions remained fairly
constant from 1977 to 1985234,237. This stability implies that dialects are important in species that
have them, however it is still not clear how dialects are formed, maintained, or what purpose they
serve.
It could be that dialects are formed simply as a byproduct of fledglings learning from neighbors
at their breeding location, and no other specific behavior is necessary. One computational model
attempted to study whether dialects could form based solely on error-prone learning from neigh-
bors238. In this model, song sharing between more than a few neighbors could only be formed
if the error-rate on learning and mortality rate were unnaturally low. Therefore, the authors sug-
gested that their learning-only model was more suitable to examining the formation of small song
neighborhoods than large dialects, and that dialect formation relies on other factors.
Dialects may be the target of sexual selection if females prefer specific dialects. Perhaps di-
alects are used to advertise kinship to promote or prevent assortative mating91. Indeed, it has been
shown in laboratory tests that female white-crowned sparrows (Zonotrichia leucophrys) gather
more suitable nesting material when exposed to their natal dialect rather than a foreign one239,
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whereas brown-headed cowbirds (Molothrus ater) respond with more copulation displays to for-
eign dialects240. For this reason, it has been suggested that dialect formation relies on genetic
differentiation between populations233,241. However, multiple dialect regions can be adjacent to
one another and fledglings do not always learn the same dialect as their father242. Indeed, anal-
ysis of white-crowned sparrows showed that isolation by distance explained genetic differences
between populations as well as isolation by dialects243 (also see244; however245), and analysis
of rufous-collared sparrows (Zonotrichia capensis) showed little genetic differentiation between
birds on either side of a dialect boundary246 (see also247). Overall, this evidence suggests that di-
alects can be a cultural phenomenon that do not always reflect genetic divisions between different
populations.
Alternatively, females may prefer common songs. Indeed, indigo buntings (Passerina cyanea)
that share songs with their neighbors are more likely to earn mates248 and song sparrow (Melospiza
melodia) females attend more closely to songs that are similar to their mate’s249. Consistent female
preference for common songs could drive the formation of local dialects, as males with rare songs
would be less fit and thus less likely to pass on rare songs onto the next generation. It could also
be that male-male interactions like song-matching are critical for territorial interactions, and males
that do not sing the correct dialect cannot hold territories250.
Here, I used my agent-based computational model described in Chapter 4 to examine the con-
texts that allow dialects to establish and be maintained in a population. For these simulations,
females preferred songs that were more like their song-template, and males could evolve across
generations to maintain dialects or evolve songs that matched the female song-template with high
template-matching accuracy. I found that sexual selection on dialects was required for regional
dialects to be maintained. I also found that males needed to learn song preferentially from repro-
ductively successful tutors to establish dialects. Furthermore, learners were required to learn the
entirety of a song from one male either vertically or obliquely to maintain or establish dialects,
though higher accuracy template-matching was achieved if males subsequently listened to other
tutors and modified this initial song according to conformity bias. Together, my model predicts
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a set of behaviors that are theoretically necessary for dialect formation and maintenance, which
creates new hypotheses for field researchers to test in real bird species.
5.2 Methods
5.2.1 Data and code availability
C# library, programs, and walk-through:
https://github.com/CreanzaLab/SongEvolutionModel/tree/master/Csharp-Library-and-Programs
R package, code manual, and walk-though:
https://github.com/CreanzaLab/SongEvolutionModel/tree/master/R-Package
Parameter generators and data visualizing code:
https://github.com/CreanzaLab/SongEvolutionModel/tree/master/DialectsPaper
5.2.2 Model features
I used the C# version of the model for all experiments, though R was used to generate the
parameter sets and plot the data. The model operates as described in Chapter 4, though I employed
additional functions here. The parameters that were modified for this chapter and their possible
values are listed in Table 5.1. The default learning accuracy inheritance noise (ε) was reduced
to 0.1 for all simulations based on results from Chapter 4. All other unmentioned parameters
were left as the model defaults (see the Walk-through). For these simulations, when females
have a 0% preference for template-matching, this means that females have no preferences for any
song feature. This differs from Chapter 4, wherein females that had no preference for template-
matching had a preference for larger repertoires. Here, when females have a 0% template-matching
preference, the only selection pressures on song evolution is that males that sing zero syllables
cannot breed.
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Table 5.1: All parameters modified in this chapter and their defaults. A full list of all param-
eters and their defaults is available in the walk-through.
Variable Meaning Default Range
Breed Whether chicks are generated from fathers
local to a vacant territory (nest-site fidelity),
or if any male can father a chick for any ter-
ritory (no nest-site fidelity).
NA True, False
Tutor Whether learners choose local males as tu-
tors, or if any male can tutor a learner from
any territory.
NA True, False
Vertical Whether vertical learning is enabled. True True, False
Social Whether learners are more likely to pick tu-
tors that bred in the last time step.
False True, False
Learning
Strategy
The method birds use to learn obliquely.
Add: the learner attempts to add all the syl-
lables that his tutor sang to his repertoire.
Conformity: the learner listens to multiple
tutors and adds syllables based on confor-
mity bias, and can lose syllables that no tu-
tor sang.
Conformity Conformity,
Add
Female
Template-
Matching
Preference
The amount of female preference that relies
on a male matching her song template.
100% 100%, 0%
Dialects The number of regional dialects in the ma-
trix.
NA 1, 2, 4, 8,
16
Uniform
Templates
Whether female templates are uniform in a
dialect region or if each female has her own
variant of the regional dialect
NA True, False
Male
Dialect
How the initial male dialects are established.
None: males have uniquely generated songs
composed of syllables from regional dialect
1. Similar: each male has a uniquely gener-
ated song composed of syllables from his re-
gional dialect. Same: each male has a song
that is identical to his resident female’s song
template.
NA None,
Same,
Similar
Initial
Syllable
Repertoire
size
the number of syllables birds have a 90%
chance to know at the start of a simulation
5 5, 1
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Syllable
Overhang
This values times the syllable repertoire size
is the number of syllables birds have a 10%
and 1% chance to know. For most simula-
tions birds have a 90% chance to know each
of syllables 1-5 (Initial Syllable Repertoire
Size = 5), a 10% chance to know syllable 6
and a 1% chance to know syllable 7.
20% 20%, 0%
Rows The number of rows in the matrix. 20 4, 5, 10, 20
Cols The number of columns in the matrix. 20 100, 8, 40,
20
In my previous work, any bird in the matrix could be a potential tutor for all other birds (global
tutor choice), and when chicks were generated, they could populate any territory in the matrix (no
nest-site fidelity). However, the formation of regional dialects almost certainly depends on local
interactions between birds, so I also implemented local restrictions on these steps. In other words,
for local tutor choice, males could only pick their immediate neighbors as tutors and, during the
breeding step, empty territories were repopulated with a chick fathered by an immediate neighbor
to the empty territory (high nest-site fidelity). The immediate neighbors for three example terri-
tories are shown by the blue squares in Figure 5.1A. For these local mechanisms, if there are not
enough immediate neighbors at a specific territory for tutor choice during learning (i.e. neighbors
are dead, chicks, or have a zero-syllable song) or father choice during breeding (i.e. neighbors are
dead or have a zero-syllable song), the scope for local birds around that territory temporarily ex-
pands by one step (red squares in Figure 5.1A). The scope for local birds will continue to expand
until there are enough local birds to complete the learning or breeding process.
Regional dialects are created by shifting the syllable space to the right. In other words, if
regional dialect 1 can be composed of syllables 1-7, then regional dialect 2 can be composed of
syllables 8-14, and regional dialect 3 can be composed of syllables 15-24. This means that initially,
there is no overlap in the syllable repertoires of males in different dialect regions; however, syllable
repertoire overlap between dialects can form as the simulation progresses if some learners acquire
syllables from males in dialect regions that the learners do not reside in. Each bird is assigned
a regional dialect based on its position in the matrix. The matrix is divided into regions such
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that each region is as square as possible and the same number of birds belong to each region (see
Figure 5.1B for illustration).
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Figure 5.1: Illustration of local territories and dialect regions. Matrix (A) shows which terri-
tories are considered local when neighbors are 1 (blue) or 2 (blue and red) steps away for a corner
(0), edge (6) and center territory (67). Matrix (B) shows how 4 dialects would be positioned in this
matrix. Regional dialect 1=white, 2=red, 3=blue, 4=purple.
Dialects in males and females are treated slightly differently. For females, dialects can be set
in one of two ways:
1. Uniform Templates: regional dialects are composed of a single song template that all fe-
males in a region share.
2. Noisy Templates: each female has a uniquely generated song template composed of her
region’s syllables.
Male dialects can be set in one of three ways:
1. Same: males begin with songs that are a copy of their resident females’ song template (all
males begin with 100% template matching accuracy).
2. Similar: males have uniquely generated songs that use only the syllables for the regional
dialect of his resident female.
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3. None: males have uniquely generated songs that use only the syllables for dialect 1. Note
that Similar and None led to identical starting properties if there is only one regional dialect.
Finally, one of the previous limitations of the model was that learners could not judge which
potential tutors had appropriate songs, while vertical tutors (fathers) were always likely to be males
with appropriate songs, because they had bred. This made it difficult to disentangle whether ver-
tical learning was superior to oblique learning in certain cases, or if social cues that reveal tutor
fitness are critical for valuable learning in those cases. To address this, I implemented a new, op-
tional feature that makes learners more likely to choose oblique tutors that bred in the previous
time step.
All parameter sets were run for 4000 time steps and repeated 50 times based on our previous
testing (see Chapter 4). For these experiments, simulations generally reached their equilibrium
state by 400 time steps. To assess how well regional dialects were maintained or established, I
visualized the average matching accuracy between the male song and female song template in
each territory across the 50 iterations every 200 time steps as heat maps, though only noteworthy
examples are shown. To quantitatively access dialect establishment and maintenance in the matrix
for all experiments, I took the average match across the 50 iterations at the final time step for the
following key locations:
1. Corner: The outer corner of regional dialect 1 (i.e. light red squares in Figure 5.2).
2. Far Corner: The outer corner of the final regional dialect (i.e. dark red squares in Fig-
ure 5.2)
3. Center: The territory closest to the middle of regional dialect 1 (i.e. light blue squares in
Figure 5.2).
4. Edge: The territory to the right of center at the edge of regional dialect 1 where it would
contact the regional dialect to its right (i.e. dark blue squares in Figure 5.2).
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Tables with all quantifications are located in Appendix D. Center and edge values were used
to examine how well dialects were maintained in maintenance experiments, while corner and far
corner were used to examine whether dialects established in establishment experiments.
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Figure 5.2: Illustration of key locations for dialect quantification. White squares are territories
that make up regional dialect 1, while grey squares belong to dialects 2-4. Light red shows territo-
ries used for corner measurements, while dark red shows those used for far corner measurements.
Light blue territories were used for center measurements and dark blue territories were used for
edge measurements.
5.3 Results
5.3.1 Maintaining existing dialects
I first wanted to know which parameter sets would allow existing dialects to persist in the
matrix across many generations. I ran simulations where 1, 2, 4, 8, or 16 regional dialects were
included in the matrix, and males knew a song that matched the dialect of the region in which
they resided. Simulations with only a single “regional” dialect were included to measure the best
average template-matching that could be achieved for different parameter combinations. Dialects
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could be maintained for some parameter sets even when there were 16 dialects (Figure 5.3 and
Table D.1.1), though the more dialects that existed in the matrix, the worse the average tem-
plate matching became. For one-dialect simulations, the highest template-matching accuracy was
achieved when vertical learning was enabled, tutor choice was global, and there was no nest-site
fidelity (Table D.1.1). For simulations with multiple dialects, the best average template-matches
occurred when males learned vertically, picked tutors locally, and exhibited high nest-site fidelity
(Figure 5.4B and Table D.1.1). Interestingly, I saw a quilt-like pattern appear in simulations with
these parameters, where the edges of a dialect region showed worse template matching than the
center of the dialect region (Figures 5.3 and 5.4B). It seems likely that this pattern emerged be-
cause males on the edge of a dialect region could have learned from either a father or oblique tutors
that resided in another dialect region. In the parameter sets with the next highest template-matching
accuracy, males learned vertically and either chose tutors locally or exhibited high nest-site fidelity
(Figure 5.4D and Table D.1.1). Interestingly, I did not see the quilt-pattern form in these simu-
lations; there was little difference between the average template-matching at the edge of a dialect
region and its center, which was similar to what occurred in the parameter sets where vertical
learning was disabled and which showed the lowest template-matching accuracy (Figure 5.4). In
general, simulations wherein females from each dialect region had a uniform template and simula-
tions wherein males started the simulation with the same template as their resident females main-
tained higher average template-matching accuracy than those that did not (Table D.1.1). I also
tested whether dialects could be maintained when there was no sexual selection pressure acting on
song to actively perpetuate dialects. Dialects were either lost (e.g. Figure 5.5B) or very poorly
maintained (e.g. Figure 5.5D) when females did not prefer specific song templates (Table D.1.2).
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Figure 5.3: Example heat maps of template-matching accuracy in simulations where dialects
were maintained for each number of regional dialects. Each square in a plot represents a ter-
ritory. Colors are linearly scaled, where black is perfect template-matching accuracy. The x and
y axes are numbered based on the rows and columns in the matrix respectively. Parameter set
numbers match Table D.1.1. The second number in plot titles is the time step when the data was
collected. Plots have 1 (A-B), 2 (C-D), 4 (E-F), 8 (G-H), or 16 (I-J) dialects. All other parameters
are the same. Vertical learning was enabled, tutor choice was local, there was high nest-site fidelity,
females had uniform dialects, and male songs initially matched female song templates (Same).
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Figure 5.4: Example heat maps of patterns seen in template-matching accuracy. Annotations
are the same as in Figure 5.3. Parameter set numbers match Table D.1.1. All plots have two
dialect regions. (A-B) have vertical learning, local tutor choice, and high nest-site fidelity. These
plots show the quilt pattern and have the highest template-matching accuracy. (C-D) have vertical
learning, global tutor choice, and high nest-site fidelity. These plots do not show the quilt pattern,
but have moderate template-matching accuracy. (E-F) do not have vertical learning, but do have
local tutor choice, and high nest-site fidelity. These plots do not show the quilt pattern and have
the lowest template-matching accuracy.
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Figure 5.5: Example heat maps of regional dialect maintenance in the absence of sexual
selection on song. Annotations are the same as in Figure 5.3. Parameter set numbers match
Table D.1.2. All plots have two dialect regions. (A-B) show the worst maintenance of regional
dialects in this experiment. Vertical learning was enabled, tutor choice was local, there was high
nest-site fidelity, females had uniform dialects, and male songs initially matched female song tem-
plates (Same). (C-D) show the best maintenance of regional dialects in this experiment. Vertical
learning was disabled, tutor choice was global, there was high nest-site fidelity, females had uni-
form dialects, and male songs initially matched female song templates (Same).
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One caveat to the above analysis was that when chicks learn from their fathers, they are learn-
ing from a male that was reproductively successful. In contrast, when males learned from oblique
tutors, they could not distinguish between tutors that have been reproductively successful and those
that have not. In real birds, it has been shown that fledglings attend to social interactions between
males and other conspecific adults32–34. Thus, fledglings may be more likely to learn from so-
cially successful males (those that attract females or win in male-male competitions). It could
be that socially informed oblique tutor choice would allow the population to maintain dialects
without vertical learning, and lead to higher accuracy template-matching with vertical learning.
To test this possibility, I created parameter sets wherein that males that bred in the previous time
step were far more likely to be chosen as oblique tutors than males that did not breed in the pre-
vious time step. This change allowed some parameter sets to evolve somewhat better template-
matching accuracy while others evolved somewhat worse template-matching accuracy, but there
was no consistent, overall pattern (Table D.1.3). Furthermore, socially informed oblique learning
did not allow dialects to be maintained in the absence of vertical learning. An additional differ-
ence between oblique learning and vertical learning in these simulations was that chicks used the
Add strategy when learning vertically, but they used the Conformity strategy when learning from
oblique tutors. Therefore, I next tested whether using the Add strategy for oblique learning would
allow dialects to be maintained in the absence of vertical learning. Dialects could be maintained
if tutor choice was socially informed (Figure 5.6 and Table D.1.4), though the template-matching
accuracy was reduced compared to previous simulations (Table D.1.1). However, without social
information, regional dialect 1 was lost in these simulations even when there was only one regional
dialect (Figure 5.6 and Table D.1.4). This was in stark contrast to previous simulations, wherein
males learned only obliquely using the Conformity strategy with no social information but regional
dialect 1 had been maintained (e.g. par 34 from Table D.1.1).
133
0 5 10 15 20
20
15
10
5
0
Param 9−0A
0 5 10 15 20
20
15
10
5
0
Param 9−4000B
0 5 10 15 20
20
15
10
5
0
Param 10−0C
0 5 10 15 20
20
15
10
5
0
Param 10−4000D
Figure 5.6: Example heat maps of regional dialect maintenance when learners used the Add
strategy obliquely and picked tutors with or without social information. Annotations are the
same as in Figure 5.3. Parameter set numbers match Table D.1.4. All plots have two dialect
regions, vertical learning disabled, tutor choice was local, there was high nest-site fidelity, females
had uniform dialects, and male songs initially matched female song templates (Same). (A-B) show
template-matching accuracy when tutor choice is socially informed, while (C-D) show template-
matching accuracy when tutor choice is not socially informed.
In real birds, mixed dialect singers and birds that sing songs that are a hybrid between two
dialects are rare234–236. In this model, learners evaluate oblique tutors on the level of syllables not
songs; in other words, learners do not pick the most common song to learn, but rather the most
common syllables, so mixed dialects songs could easily be formed. However, if a dialect is only
made of one syllable, then there is no difference between discrimination of syllables and songs. I
therefore tested whether the mechanics of dialect maintenance were altered when each dialect was
composed of only one syllable. The most noticeable effects this had on our results was that it led to
overall higher accuracy template matching (Figure 5.7 and Table D.1.5 versus Figure 5.3C-F and
Table D.1.1), but there was also a small percentage of runs that did much worse than the majority
(Figure 5.8). Otherwise, I found that dialect maintenance depended on the same factors: vertical
learning and either high nest-site fidelity or local tutor choice (Table D.1.5).
It seemed possible that the shape of the matrix might affect dialect maintenance; if dialects had
fewer territories next to one another, this should reduce contact and song learning between males
that know different regional dialects. This could allow males in each region to match their region’s
dialect with higher accuracy. I compared parameter sets where the matrix dimensions were 20x20
(the default), 10x40, 5x80, and 4x100. Changing the matrix dimensions did not significantly affect
my results (Figure 5.9 and Table D.1.6). I also wondered if the reason that template-matching
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Figure 5.7: Example heat maps of dialect maintenance when dialects are one-syllable songs.
Annotations are the same as in Figure 5.3. Parameter set numbers match Table D.1.5. (A-B) have
two dialect regions, while (C-D) have four dialect regions. Vertical learning was enabled, tutor
choice was local, there was high nest-site fidelity, females had uniform dialects, and male songs
initially matched female song templates (Same).
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Figure 5.8: Boxplot of average template-matching accuracy for dialect maintenance across
the entire matrix. Each box plot represents 50 individual iterations. Grey dots are outliers. Boxes
are in the same order as parameters in Table D.1.5.
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accuracy decreased as more regional dialects were added because there were more contact points
between dialect regions, or whether it was simply because the population of birds that knew each
dialect had decreased. To test the latter possibility, I ran two simulations where each regional
dialect was known by 400 birds when there were 2 (20x40) and 4 (40x40) dialects. Creating
larger dialect regions led to template-matching accuracy that was equivalent between the two larger
matrices (Figure 5.10 and Table D.1.7), and the values for the center square in these simulations
were equivalent to those seen when there was only 1 dialect in a 20x20 matrix with otherwise
equivalent parameters (Table D.1.7). Thus, the average template-matching accuracy only declined
as the number of dialects in the matrix increased because there were fewer birds singing each
dialect.
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Figure 5.9: Example heat maps of regional dialect maintenance when the matrix dimen-
sions are different. Annotations are the same as in Figure 5.3. Parameter set numbers match
Table D.1.6 . All plots have four dialect regions. Vertical learning was enabled, tutor choice
was local, there was high nest-site fidelity, females had uniform dialects, and male songs initially
matched female song templates (Same).
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Figure 5.10: Example heat maps of regional dialect maintenance in the default matrix size
compared to a larger matrix. Annotations are the same as in Figure 5.3. All plots have four
dialect regions. (A-B) parameter set numbers match Table D.1.1, and (C-D) parameter set numbers
match Table D.1.7. The larger matrix size allowed for higher accuracy template-matching. Vertical
learning was enabled, tutor choice was local, there was high nest-site fidelity, females had uniform
dialects, and male songs initially matched female song templates (Same).
5.3.2 Establishing new regional dialects
I was also interested in testing what parameters were necessary for new regional dialects to
establish in males that did not previously have a dialect structure. To do this, I tested scenarios in
which all males began the simulation knowing a variant of regional dialect 1 and females could
know one of 2 or more regional dialects. I found that both vertical learning and high nest-site fi-
delity were required for establishing new regional dialects in males (Figure 5.11 and Table D.2.1).
Local tutor choice led to higher accuracy song template matching in these cases, but it was neither
required nor sufficient alone or in combination with vertical learning to allow new male regional
dialects to establish (Table D.2.1). This was unexpected, because either high nest-site fidelity or
local tutor choice had been sufficient to maintain dialects (Table D.1.1). Similar to what I saw in
dialect maintenance simulations, when females had a uniform song template instead of noisy tem-
plates, males were able to achieve somewhat higher template-matching accuracy, but this did not
have any other significant effects on regional dialect establishment (Table D.2.1). When dialects
did establish, territories on the boundaries between dialect regions had the worst matches, creating
a quilt-like pattern between dialect regions previously seen in some maintenance parameter sets
(Figure 5.11B and F).
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Figure 5.11: Example heat maps of template-matching accuracy in simulations that did and
did not establish new regional dialects. Annotations are the same as in Figure 5.3. Plots (A-D)
have 2 dialect regions, while plots (E-H) have four. The black area in (A, C, E, and G) is the
region for dialect 1. Parameter set numbers match Table D.2.1. The parameter sets for top row of
plots allowed vertical learning, while the bottom row did not. Tutor choice was local, there was
high nest-site fidelity, females had uniform dialects, and male songs initially matched female song
templates (Same).
Enabling socially informed tutor choice did not allow new dialects to establish in the absence
of vertical learning (Table D.2.2). However, I found that regional dialects could establish without
vertical learning if learners used the Add strategy and oblique tutor choice was socially informed
(Figure 5.6 and Table D.2.3), though the matches to the female templates were much worse than
in prior parameter sets (Figure 5.11 and Table D.2.1). Furthermore, socially informed tutor choice
with the Add strategy allowed for the establishment of dialects when there was no nest-site fidelity
Table D.2.1. However, as seen in maintenance experiments, regional dialect 1 was lost in these
simulations when tutor choice was not socially informed (Figure 5.6 and Table D.2.3). Using
one-syllable songs led to similar evolutionary dynamics (Figure 5.13 and Table D.2.4). While it
did not improve the template-matching accuracy for new dialects on average, the original dialect
was maintained with higher template-matching accuracy (Figure 5.13), suggesting that choosing
to learn the most common song instead of the most common syllables has a greater effect on
maintenance than establishment. However, I also saw that for some parameter sets, the end values
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were split between two groups of higher and lower template-matching accuracy values (e.g. 20%
of iterations for parameter sets 9 and 11 had >65% template-matching accuracy while the rest
hovered around 45%, Figure 5.14). Together, these results suggest that sometimes picking the most
common dialect leads to better establishment, though this alone is not a reliable way to establish
a new dialect with high fidelity template-matching accuracy. Finally, changing the dimensions of
the matrix did not seem to have a large effect on dialect establishment, as no consistent effect was
seen with any specific set of dimensions (Figure 5.15 and Table D.2.5).
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Figure 5.12: Example heat maps of regional dialect establishment or loss when learners used
the Add strategy obliquely and picked tutors with or without social information respectively.
Annotations are the same as in Figure 5.3. Parameter set numbers match Table D.2.3. All plots
have two dialect regions. Tutor choice was local, there was high nest-site fidelity, females had
uniform dialects, and male songs initially matched female song templates (Same).
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Figure 5.13: Example heat maps of dialect establishment when dialects are one-syllable
songs. Annotations are the same as in Figure 5.3. Parameter set numbers match Table D.2.4.
(A-B) have two dialect regions, while (C-D) have four dialect regions. Vertical learning was en-
abled, tutor choice was local, there was high nest-site fidelity, females had uniform dialects, and
male songs initially matched female song templates (Same).
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Figure 5.14: Boxplots of average template-matching accuracy for dialect establishment
across the entire matrix. Annotations the same as in Figure 5.7. Boxes are in the same order as
parameters in Table D.2.4.
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Figure 5.15: Example heat maps of regional dialect establishment when the matrix dimen-
sions are different. Annotations are the same as in Figure 5.3. Parameter set numbers match Ta-
ble D.2.5. All plots have four dialect regions. Vertical learning was enabled, tutor choice was local,
there was high nest-site fidelity, females had uniform dialects, and male songs initially matched
female song templates (Same).
5.4 Discussion
Previously, it was not known which behaviors would allow regional dialects to establish and
be maintained. My model makes multiple predictions about what behaviors are critical for this
process. First, it predicts that dialect establishment requires that learners preferentially pick repro-
ductively successful tutors. If males first learned song from their father, high nest-site fidelity was
required to establish dialects. In contrast, if males learned their song first from reproducetively
successful oblique tutors, dialects were best established when males learned from neighboring tu-
tors rather than any male in the population. Thus, dialect establishment required socially informed
learning in combination with either spatially restricted dispersal behavior or tutor choice, depend-
ing on the whether males learned primarily vertically or obliquely. I could not test whether sexual
selection on song was required to establish dialects, because female preference for specific song
templates is the only way to intentionally establish dialects in this model; however, cessation of
sexual selection on dialects post-establishment led to the loss of dialects. Second, once dialects had
141
been established, socially informed learning was required to maintain them. Spatial interactions
were less important for maintaining dialects, but the highest template-matching accuracy and the
associated quilt-like pattern was only seen when vertical learning was paired with high nest-site
fidelity and socially informed oblique learning was paired with local tutor choice.
Although this is the first research to my knowledge to predict that nest-site fidelity is critical to
dialect formation and maintenance in populations where males rely on vertical learning, research
in the yellow-naped amazon (Amazona auropalliata), a parrot, also suggested that limited dispersal
(higher nest-site fidelity) was a key factor in maintaining dialects in contact calls251. One of my
more interesting findings was that were two behavioral methods that allow dialects to form and be
maintained: in one, males learned the entirety of a song vertically and then either spend their lives
near their natal grounds or learn from local tutors post dispersal. In the other, males learned the
entirety of a song from reproductively successful oblique tutors post-dispersal. Theoretically, the
vertical method of dialect establishment and maintenance would allow genetically related males to
share the same dialect and would be in line with the idea that dialects may act as a marker of kinship
between subpopulations. This may be the case in species such as white crowned sparrows252,253,
zebra finches (Taeniopygia guttata)254, and Belganese finches (Lonchura domestica)254. However,
whether this this marker of male relatedness would be used by females to ensure mating within a
subpopulation or to avoid mating with closely related individuals would have to be studied on
a species-by-species case. The latter method of dialect establishment would better fit species in
which it is known that males crystallize their final song after reaching their final breeding ground,
such as corn buntings242 and indigo buntings255. Furthermore, in rufous-collared sparrows, it
has been shown that females have a strong preference to their natal dialect, while males respond
equivalently to all dialects256. In this case, it may be more advantageous for males to use the
oblique learning method and adopt the most common dialect around his breeding territory, because
there may be more females that prefer the most common song, so males that sing it would have
the best chance at finding a mate. If dialects are used in male-male interactions, then the either the
oblique or vertical strategy for dialect establishment could be used in species with high nest-site
142
fidelity, but the oblique strategy for establishment would be most valuable in species that disperse
far from their natal territory. Finally, in northern cardinals (Cardinalis cardinalis), most males
have low nest-site dispersal, while others disperse long distances form their natal territory233. It
could be that both mechanisms of dialect maintenance are at play in this species.
While my model predicts that ongoing sexual selection on song is necessary for dialect estab-
lishment and maintenance, I was not able to disentangle which forms of sexual selection promote
dialects. For simplicity, I frame selection pressure in this model in terms of female choice on song,
but an equally valid interpretation is that males that better match their dialect are more likely to
fend off intruding males and thus are most likely to breed successfully. It may be that the best
way to disentangle these two possibilities is for field researchers to both assess female preferences
and establish what role song competitions, such as song-matching, play in species with dialects
to determine which of the possible selection pressures (or both) exists in those species. Female
preferences have already been established in many cases as noted above, however less research as
been done on male-male interactions in these species.
Overall, my results propose that there is not a single mechanism for dialect formation, and
dialects need not coincide with genetic differences between individuals that sing different dialects,
though they certainly could. While my results confirmed the reasonable hypothesis that sexual
selection on song is necessary for dialect formation, they also highlight the importance of using
social information to choose high quality tutors in dialect establishment, a facet that has not be
considered in dialect research. In general, more field work will need to be done in a broader array
of species to better understand which species use which strategies to form dialects and the role
they play in female choice and male-male interactions.
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Chapter 6
A higher resolution exploration of interactions between females preferences and male
song-learning behavior
6.1 Introduction
In Chapter 4, I examined some of the possible interactions between female preferences and
male song-learning strategies, with a focus on how these traits affect the evolution of the song
learning window. However, there is a much wider array of proposed male learning strategies and
female preferences which could affect song evolution than were examined there. For example,
it has been suggested that song features could be propagated via cultural hitchhiking if females
prefer to mate with the same or similar males that other females mated with257. Alternatively,
larger repertoires might be the product of a female preference for rare syllables258, while species
with limited repertoires may be a result of a preference for common syllables248,249. Finally, it
has been proposed that females prefer “sexy syllables” in canaries (Serinus canaria)231,232. For
learning strategies, it has been proposed that males in some species may learn too many syllables
as fledglings and then prune back their repertoires as adults221,228. Furthermore, while I previously
explored how learning by conformity bias affects song, I did not examine how learning from mul-
tiple tutors based on either 1) simple chance or 2) stringently learning only the syllables that all
other males sing affects song evolution. In this chapter, I begin to explore which combinations of
male learning strategies and female preference lead to large or small syllable repertoires and which
ones allow certain syllables to be propagated to future generations with high fidelity. Specifically,
I want to test two possibilities. First, can high accuracy template-matching be maintained or can
large syllable repertoires be formed in the absence of direct selection on song? Second, do different
female preferences always lead to different evolutionary dynamics between syllable repertoire and
the length of learning, or do some distinct females preferences have similar effects to one another
on the evolution of song an song-learning?
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6.2 Methods
6.2.1 Data and code availability
C# library, programs, and walk-through:
https://github.com/CreanzaLab/SongEvolutionModel/tree/master/Csharp-Library-and-Programs
R package, code manual, and walk-though:
https://github.com/CreanzaLab/SongEvolutionModel/tree/master/R-Package
Parameter generators and data visualizing code:
https://github.com/CreanzaLab/SongEvolutionModel/tree/master/PreferencesPaper
6.2.2 Model features
I used the C# version of the model for all experiments, though R was used to generate the
parameter sets and plot the data. The model operates as described in Chapters 4 and 5, though I
implemented three new learning strategies and five new female preferences.
The new learning strategies are:
1. AllNone: males listen to multiple tutors and will only learn syllables that all tutors sing.
2. Percentage: males listen to multiple tutors and are more likely to learn common syllables.
Unlike Conformity, which uses conformity bias, this strategy uses a linear scale. So if 7 out
of 8 tutors (87% of tutors) sing a syllable, a learner has a 87% chance to attempt to learn it.
3. Prune: chicks learn from their father and three oblique tutors in the first year of their life.
In subsequent years, males listen to individual tutors and try to forget syllables that the tutor
did not sing.
The new female preferences are:
1. Common: Females prefer syllables that are more common among the current population of
singing males.
2. Rare: Females prefer syllables that are rarer among the current population of singing males.
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3. SexySylls: Males that know specific syllables are more attractive, but they are not penalized
for having extra syllables (unlike in the template-matching preference).
4. Social: Females prefer males that bred previously.
5. Noise: Females have no preference. All living males that sing at least one syllable are
equally likely to breed.
Furthermore, I allowed female templates to be generated even when females do not explicitly
prefer specific syllables. Thus, the template-matching box plots generated when females pre-
fer larger syllable repertoires (Rep), Common or Rare syllables, males that had bred previously
(Social) or nothing (Noise) reflect whether the song structure that was in the population at the be-
ginning of the simulation was maintained. Finally, because SexySylls uses a different algorithm
to calculate the match between male songs and female song templates, the template-matching
box plots in this preference cannot be directly compared to those from other preferences. I only
changed parameters relating to female preferences, male learning strategies, vertical learning and
socially informed tutor choice. All other parameters were left as the model defaults (see the C#
Walk-Through).
6.2.3 Analysis
All parameter sets were repeated 50 times and run for 2000 time steps. Data were collected
every 20 time steps. For the AllNone strategy, songs were entirely lost 1-5% of the time. This
ended the simulation prematurely, so for parameter sets where the simulations did not always
finish, I coded a new program that would repeat the simulations until they reached completion 50
times. If an iteration of a parameter set reached a point where there were not enough males that still
knew at least one syllable for breeding or tutor choice, that iteration was stopped and discarded.
6.3 Results
I was interested in examining how different female preferences interacted with different male
song-learning strategies to affect the evolution of song and song-learning. Additionally, it seemed
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likely that preventing vertical learning or allowing for socially-informed tutor choice could affect
interactions between female preferences and male song-learning strategy, so I tested how chang-
ing these parameters affected song and song-learning evolution as well. Because some female
preferences led to similar results, their results were covered in the same section below.
6.3.1 Selection for non-song features
There were two preferences that led to a lack of direct selection on song. A 100% preference
for Noise meant that all males were equally likely to be chosen (in other words, a lack of sexual
selection), and a 100% preference for Social meant that males that had bred previously were more
likely to breed again. Both of these selection forces led to similar outcomes. Syllable repertoires
did not exceed 25 syllables for any male learning strategy (Figure 6.1A and Figure 6.2A). Vertical
learning led to larger syllable repertoires, but there were minimal differences between simulations
based on whether oblique tutor choice was socially informed or not. Males learned obliquely for
one or two years depending on the learning strategy (Figure 6.1B and Figure 6.2B). Learning
accuracy tended to be between 50% and 80%, which was lower than what I had seen previously
when song was under direct sexual selection (Figure 6.1C and Figure 6.2C), compare to Panel
C of all box plots below and in Chapter 4). Usually, the song structure that the simulation began
with was lost; however, when the learning strategy was AllNone or Conformity and vertical learn-
ing was enabled, the song structure was maintained to a limited degree (>0%, Figure 6.1D and
Figure 6.2D). Disabling vertical learning with the same learning strategies allowed for a modest
amount of song structure to be maintained in the absence of vertical learning (10-20%, Figure 6.1D
and Figure 6.2D).
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Figure 6.1: Song traits when females prefer males that bred previously. Each box plot repre-
sents 50 individual iterations. The same iterations were used in all four plots. Vertical is whether
vertical learning was enabled. Social is whether social information was used to choose oblique
tutors.
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Figure 6.2: Song traits when females have no song preferences. Annotations the same as in
Figure 6.1.
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6.3.2 Selection for syllable frequency and number
I had expected that preference for Rare syllables and preferences for larger syllable repertoires
might lead to similar evolutionary dynamics, as males in both contexts would benefit from having
larger repertoires. This expectation was met (Figure 6.3 and Figure 6.5); however, I had not
expected that preferences for common syllables would also lead to similar evolutionary dynamics,
because there was no reason to presume that larger repertoires would be more beneficial in this case
(Figure 6.4). The Add learning strategy led to the largest syllable repertoires (>100 syllables)
and Prune led to the second largest repertoires (∼50 syllables) (Figure 6.3A, Figure 6.5A, and
Figure 6.4A). Males learned for longer in these selection contexts than they had when there was
no direct selection on song for all learning strategies except Prune (Figure 6.3B, Figure 6.5B,
and Figure 6.4B). The only difference I noticed between these three selection contexts was that
there was better maintenance of the initial song structure when males used the AllNone strategy
in combination with vertical learning when females preferred common syllables instead of rare
syllables or larger syllable repertoires (Figure 6.3D, Figure 6.5D, and Figure 6.4D).
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Figure 6.3: Song traits when females prefer larger syllable repertoires. Annotations the same
as in Figure 6.1.
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Figure 6.4: Song traits when females prefer common syllables. Annotations the same as in
Figure 6.1.
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Figure 6.5: Song traits when females prefer rare syllables. Annotations the same as in Fig-
ure 6.1.
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6.3.3 Selection for template-matching
When males needed to maintain the correct overall song structure (i.e. females prefer males
that have all of the correct syllables and no extras), repertoire size evolved to 5 or fewer syllables
for all learning strategies except Prune, where the syllable repertoire could grow as large as 20
syllables (Figure 6.6A). When vertical learning was enabled, males generally learned obliquely for
a shorter period of time. There was an exception to this, where males learned for longer when the
learning strategy was Prune and tutor choice was socially informed. (Figure 6.6B). Again, learning
accuracy was within the range of values I had seen previously for all learning strategies except
Prune, which led to lower learning accuracy (∼50%, Figure 6.6C). The highest accuracy template
matches were obtained when vertical learning was enabled and learning was socially informed
for all learning strategies (Figure 6.6D). However, Conformity was only marginally affected by
disabling vertical learning and uninformed oblique tutor choice, and the Prune strategy led to low
accuracy template matching even in the best circumstances.
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Figure 6.6: Song traits when females prefer songs that match their song templates. Annota-
tions the same as in Figure 6.1.
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6.3.4 Selection for specific syllables
When males that produced specific syllables were preferred, but they were not penalized for
having extra syllables, syllable repertoires generally stayed small (<5 syllables); however, reper-
toire size reached an average of 50 syllables when the Add or Prune strategies were used in combi-
nation with vertical learning (Figure 6.7A). Learning thresholds were longer when vertical learn-
ing was disabled, as I had seen when females preferred template-matching (Figure 6.7B), and
learning accuracy values were similar to those seen with other preferences (Figure 6.7C). When
template-matching accuracy did not include a penalty for producing extra syllables, template-
matching accuracy was higher overall, but showed a very similar pattern to the selection context
where females preferred template-matching accuracy (Figure 6.7D). The only notable exception
was that the Prune strategy led to higher accuracy template-matching in this context.
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Figure 6.7: Song traits when females prefer songs that contain specific syllables. Annotations
the same as in Figure 6.1.
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6.3.5 Overall trends
There were several notable trends that occurred across the simulations regardless of the selec-
tion pressure acting in the simulation. The Prune learning strategy was supposed to allow birds
to learn too many syllables early in life, so they could then reduce their repertoire to a subset of
these syllables based on what other males were singing. However, birds with this learning strat-
egy evolved learning windows shorter than one year, so they could avoid forgetting these extra
syllables. Thus, the Prune strategy actually morphed into a modified Add strategy, where birds
were guaranteed to learn from at least three males in their first year. For all other learning strate-
gies, males typically engaged in oblique learning for one to four years, depending on the selection
pressure and learning strategy. The AllNone and Conformity learning strategies allowed template-
matching to be maintained to some degree in all selection contexts as long as vertical learning was
disabled. However, in some selection contexts, vertical learning led to higher template-matching
accuracy, while in others it led to a complete loss in template-matching. In general, socially in-
formed oblique learning was not better than socially uninformed oblique learning, but there are
several cases with matching strategies where this was important, as highlighted above.
6.4 Discussion
So far, these results have shown that several proposed female preferences can lead to remark-
ably similar outcomes on song evolution. Preference for larger repertoires, common syllables, or
rare syllables led to syllable repertoires of similar sizes and limited maintenance of specific syl-
lables in the population. This result was unexpected, and further investigation will be required to
understand how these very different preferences can have such similar effects on song evolution.
Furthermore, this result suggests that it will be difficult to tell which of these selective forces are
responsible for the formation of large repertoires in real species without explicitly examining what
preferences females in each species display and the way males respond to songs with varying lev-
els of elaboration and common or rare syllables. Although it has been proposed that song features
could be accidentally propagated through cultural hitchhiking if females copy other female’s mate
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choices (Social), I found that this did not produce affects on song that were different from when
females lacked any preferences (Noise). This implies that mate-choice copying does not play a
large role in the evolution of either large syllable repertoires or highly stereotyped songs. In con-
trast, some seemingly similar selective forces led to different results. While female preferences
for template-matching generally constrained the evolution of syllable repertoire size to the length
of the female template or shorter, if males were expected to produce certain syllables but were
not penalized for having extra syllables, then it was possible for males to evolve repertoires of 20
syllables or greater.
Male learning strategies also had pervasive effects across most if not all female preferences.
The Add strategy led to the largest syllable repertoires in all cases except when females pre-
ferred template-matching. The Conformity strategy always led to the highest accuracy template-
matching, even when there was no penalty for knowing extra syllables. The Add/Forget and Per-
centage learning strategies consistently led to repertoire sizes between 5 and 20 syllables, while
the AllNone strategy consistently led to repertoires of less than 5 syllables. Thus, the interaction
between male song learning strategy and the selective pressures on song are critical to shaping the
overall syllable repertoire and the maintenance of specific song features across generations.
There are several key components that would need to be added to the model and several addi-
tional experiments to run to fully examine these interactions. Currently, female preferences remain
static. Thus, it not clear what mix of female preferences best match each song learning strategy,
nor is it clear how song would evolve in the face of mixed selection pressures. While this could
theoretically be addressed with static preferences by running different simulations with mixes of
the seven preferences in combination with the seven learning strategies, this could lead to the pro-
duction of an overwhelming amount of data that is difficult to parse into meaningful conclusions.
Instead, I propose that female preferences be refactored to act more like male song-learning traits.
In other words, each individual female would have her own values for each preference that could
potentially evolve by having females turn over as males do. In the model, there already exists a
mechanism that picks fathers for new females when males die to allow for templates to evolve.
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Female chicks could also inherit their song preference for their mother at the same time. Because
the model is already designed to allow male traits to evolve, it would not be difficult to extend this
flexibility to females.
Additionally, in the current model, song itself is not tied to any actual fitness trait. This means
that the model ignores one of the assumptions of the birdsong field: that song acts as an honest
signal of male fitness, and this is why females might prefer specific song features. The model is
already designed to incorporate a survival punishment based on the length of the song-learning
window, such that males with longer learning windows are more likely to die sooner. It would be
trivial to add a survival reward based on traits like larger repertoire size or higher song-learning
accuracy. This would allow the user to better examine how an association between song quality
and fitness affects song evolution in the face of different sexual selection pressures. It would be
especially interesting to see how this affects the evolution of song in the case of the Social selection
preference, as males that live longer may be more likely to breed, and this may drive song evolution
in the absence of explicit selection on song.
I would also like to perform “insult” experiments, which could be run in the model as currently
designed. In these simulations, the population is first allowed to reach equilibrium while under the
influence of one selection pressure. Post-equilibrium, the selection pressure is changed (the insult).
This experiment tests how males respond to fast changes in female preferences and whether they
can evolve to keep up with these changes or if the evolution of certain song characteristics makes it
difficult for males to adapt to changing preferences. Several such experiments I performed early in
model development suggested that males can evolve their song traits to extremes that prevent the
population from responding to future changes in female preferences. Running these experiments
would only require the creation of a new simulation wrapper and program in C# that could be
derived from the existing invasion program.
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Chapter 7
Conclusions and future directions
7.1 Synthesis and limitations
The aim of my thesis was to better understand song evolution based on data from real birds and
data generated from a computational model informed by the current state of the literature. I first
provided a novel solution to a longstanding controversy in the literature: Do female preferences for
elaborate songs lead to greater reproductive success for males with large repertoires? If so, could
these preferences have driven the evolution of elaborate song? My meta-analysis of 25 bird species
(Chapter 2 and9) suggested that strong sexual selection for individuals with larger repertoires
exists in species that already have moderate to large syllable repertoires. This selection pressure
was much weaker in species with small average syllable repertoires. I also examined whether there
was a difference in the strength of the correlation between individual elaboration and reproductive
success between song-plastic species (likely open-ended learners) and song-stable species (likely
closed-ended learners), but I did not find significant evidence for this relationship. However, this
work was done in a relatively small number of species, because the correlation between individual
song elaboration and reproductive success has only been studied in a few species. Furthermore, it is
the least well studied in species with large repertoires, where my results suggest that the correlation
is likely to be the strongest. My dataset also had a limited number of song-stable species, so there
may well be a difference between song-stable and song-plastic species that will be detectable when
there are more data available.
Despite the limited amount of field data available, my simulation model corroborates the find-
ings of my meta-analysis (Chapters 4 and 6). Simulations with female preference for larger reper-
toires developed large syllable repertoires, and large repertoires did not develop when there was
no direct selection on song or when specific syllables were preferred (Chapter 4). However, I also
found that preference for common or rare syllables could drive the evolution of larger repertoires
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(Chapter 6). Additionally, there were many cases where learning after the first breeding season
was associated with higher accuracy template-matching (especially with the Conformity learning
strategy). Additionally, the Prune strategy lost oblique learning altogether to become a modified
Add strategy, but allowed for the development of intermediate to large repertoires, suggesting that
extensive learning in the first year of life is sufficient to develop large repertoires. This supports
my prediction that extended learning can be valuable in multiple contexts, so longer learning does
not always mean that repertoire size will increase with age. Male song-learning strategy in combi-
nation with length of learning may be a better predictor of the strength of the correlation between
individual repertoire size and reproductive success.
In my co-author paper70 (Chapter 3), we found that adult song plasticity was associated with
larger repertoire sizes, and that it affected the rate of evolution for other song traits such as song
duration and intersong interval. Furthermore, we found that larger repertoires with song stability
and small repertoires with song plasticity were evolutionarily unstable states. For this research,
we collected a larger number of species (67), but this is still a very small sample of songbird di-
versity. My model does not allow for the examination of how structural song features evolve, but
I did see a trend regarding repertoire size: in cases where female preferences were able to drive
males to evolve larger repertoires, longer learning thresholds also evolved to be longer in tandem
(Chapter 4). When evaluating individual line traces over time, I saw that populations that reached
larger syllable repertoires and then experienced a drop in the average learning threshold also expe-
rienced a simultaneous drop in syllable repertoire. Furthermore, for some learning strategies (e.g
Add and Add/Forget), males would evolve away from oblique learning to keep their repertoires
small in the face of female preference for higher song template-matching accuracy. This supports
our empirical finding that intermediate to large syllable repertoires require typically longer learning
to be maintained, but also underscores that the male learning strategy adds an additional layer of
nuance as to how much additional time spent learning is valuable and how large syllable repertoires
can become.
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Overall, my completed research projects put together a theoretical framework of the interplay
between sexual selection, learning behavior, and cultural evolution. If males with certain song
traits (culture) are more likely to reproduce (a selective force), this interaction affects the length of
time males are capable of learning. However, the framework is complicated by the fact that certain
learning strategies tend to produce songs with certain features. Thus, the final expression of a
species-typical song interacts with both 1) the sexual selection forces on song and 2) the male song
learning strategy. In turn, the value of longer learning would depend on the interaction between
those two features. Very little research has been done on male learning strategies, and my research
motivates the importance of filling this gap. Additionally, my model predicts a key role for social
information in tutor choice when males need to maintain specific song features, such as dialects or
specific syllables (Chapter 5); males cannot learn from random, neighboring males and reliably
maintain these features across generations. Instead, they must preferentially learn from males that
will reproduce or have previously reproduced. The importance of socially informed tutor choice
has been studied in humans259–267, but it is a novel idea for the birdsong field that has received
little attention in the past. That said, it is also possible that males could have preferences for
specific songs among potential tutors, similar to how females have preferences for specific songs
among potential mates. If male and female preferences align, then males would not necessarily
need to rely on social information to learn song from appropriate tutors; they would be attracted
to learn the same songs that females prefer for mating. However, it is known that male and female
preferences do not always align256. Furthermore, in scenarios where there is a mix of females with
different preferences, female preferences change over time, or male-male interactions are critical
to mating success, males would most easily adapt by copying successful males.
7.2 Avenues for future research
My research indicates that the correlation between individual song elaboration and reproduc-
tive success should be studied in more species with large syllable repertoires. Initially, this may
seem like a difficult proposition; recording the full repertoire from a male that produces hundreds
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of syllables requires hours of dedicated recording time for each individual268,269. However, sev-
eral researchers have developed methods for estimating the overall repertoire size of an individual
based on much shorter recordings. While not all methods to estimate repertoire size have been
useful in species for which the true repertoire size is not known270, simple techniques, such as rar-
efaction curves, could be highly valuable271 or species-specific algorithms may be highly effective
in some cases. For example, it was shown that the repertoire size of Marsh Warblers (Acrocephalus
palustris) can be estimated based on 2 minutes of recording268. Indeed, since it is unlikely that fe-
males listen to individual males for hours at a time before making mate choice decisions, females
may use other heuristics to estimate whether a male has a larger repertoire than his peers. Put
another way, males with greater individual song elaboration may perform their songs differently
than conspecific males with lesser individual song elaboration. It has been suggested that there
is a relationship between the variety of songs produced during a period of singing and length of
time spent singing versus being silent that can be examined between species, though this has not
been rigorously refuted or supported272,273. I hypothesize that there could be within-species differ-
ences in the presentation of song depending on syllable repertoire size, such that males with larger
repertoires could sing more often, have more unique syllables per song, or sing with greater song
variety in the same amount of time compared to their peers. It was noted in the Great Reed Warbler
(Acrocephalus arundinaceus) that males with larger repertoires continued to produce novel sylla-
ble types for a longer period of time95. From my own observations in quantifying the repertoires
for House Finches (Carpodacus mexicanus) (Table E.1.1), I would hypothesize that males in this
species with larger syllable repertoires have longer songs with more unique syllables per song
and shorter intersong intervals than males with smaller syllable repertoires. Similarly, for Canada
Warbler (Wilsonia canadensis) (Table E.1.2), I would hypothesize that males with larger syllable
repertoires have shorter intersong intervals and potentially a greater number of longer songs with
more syllables per song, though I did not have enough data points to be confident in the latter.
Extensive recording of a small number of individuals for one species could be sufficient to develop
species-specific algorithms for estimating repertoire size from relatively short recordings (ideally,
164
no longer than 20 minutes). Such algorithms would make studies in large repertoire species more
feasible and allow researchers to track a greater number of males each season.
Naturally, it would be valuable to know the length of the song-learning window or the song-
stability state of males in more species, however, it is especially important for future research to
examine the duration of song learning in females. The role of female song in bird ecology has
been greatly underappreciated7,8. I was able to define the song-stability state for males of 69
species, but to my knowledge this has not been assessed in females for any species, including
those that engage in duetting behavior. It may be that the learning program in males and females
is very similar, but this is not necessarily the case. In males, testosterone surges associated with
sexual maturity play a role in song production and crystallization174,274. Females do not experience
heightened levels of testosterone, so perhaps the female song template is more flexible than that
of the males. It has been shown that females can change their song preferences as adults204,
and that estradiol, the songbird equivalent of estrogen, affects song preferences in both males and
females275. Furthermore, estradiol seems to play an important role in male neural plasticity in
songbirds276–278. Thus, it is possible that female singing behavior is regulated more strongly by
estradiol than testosterone, though, again, this has not been examined. Future research should first
examine the song-learning program in duetting species, where the song behavior of males and
females can more easily be studied and compared. Once between-sex similarities and differences
have been established in these species, it will be important to confirm whether species in which
females sing more rarely act similarly to duetting species.
Most studies examining the length of the song-learning window only compare first-year males
to second-year males. Therefore, even though open-ended learning has been defined as the ability
to modify song throughout life, it may not necessarily be the case that all species currently consid-
ered song-plastic or open-ended learners actually show lifelong changes to song. Indeed, studies
in canaries showed that the majority of song plasticity is exhibited from year 1 to year 2 with much
less seen in year 2 to year 3. My model also suggested that lifelong learning would be exceed-
ingly rare, especially if longer learning imposes a survival cost (e.g. by being more metabolically
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costly or reducing time for activities like foraging). In fact, learning through the second breeding
season was sufficient for populations using the Add strategy to evolve and maintain very large
syllable repertoires (>300) when the maximum repertoire size possible for the population was 500
syllables. It has been suggested that species that display seasonal plasticity may do so to reduce
the costs of extended learning windows. Could it also be the case that true life-long learning is
rare in songbirds, because males reap the majority of the benefits of longer learning in their first
few years of life? Future research should examine song changes in older males to verify if pre-
sumed open-ended learners truly modify their repertoires throughout life, or whether they simply
have extended learning that diminishes or ceases late in life. Interestingly, it has been noted that
species with delayed plumage and song maturation (which I labeled as song-stable) have longer
lifespans179,180. It has not been examined whether there is a correlation between lifespan and the
length of the song-learning window, but it may be that species that live longer spend more time
learning.
For the majority of species, it is unknown what strategy males (or females) use to acquire
song. In Darwin’s finches27, it has been shown that males learn vertically from their fathers with
high fidelity, and it has been shown in some species with small to moderate repertoires that males
pick their final song during their first breeding season either to conform to local neighbors or
dialects20,209–211. Finally, some species have been shown to increase repertoire sharing with their
neighbors during the breeding season or from one breeding season to the next279–281, though this
has also mostly been studied in species with small to moderate repertoires. Much less is known
about the learning program for species with extremely large repertoires. My model suggests that a
strategy where males attempt to learn any syllable that they hear from conspecifics allows for the
evolution of very large syllable repertoires (>100) and mechanisms that prune the repertoire (i.e.
the Add/Forget strategy) prevent repertoires from becoming extremely large. Laboratory or aviary
studies in species with large repertoires would allow researchers to assess whether males tend to
produce every syllable they learn, or whether males tend to prune their repertoires based on the
songs of other males around them.
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My data on dialects suggests that there are two mechanisms by which dialects form: vertical
learning in combination with limited nest-site dispersal and oblique learning from reproductively
successful tutors. It will be important to examine which of these two mechanisms of dialect forma-
tion and maintenance fit the life history of species with known dialects and whether the existence
of dialects in some species cannot be attributed to either mechanism. Additionally, both of these
mechanisms relied on learners picking tutors that had a history of reproductive success, but the
social contexts in which birds pick oblique tutors has not been well studied32–34. My results re-
garding the interactions between female preferences and male learning strategies suggested that
socially informed tutor choice was not important for the formation of large repertoires. Thus, it
would be interesting to examine whether species with dialects or highly stereotyped songs, which
also tend to have smaller syllable repertoires, rely more on social information to pick tutors than
species with very large repertoires. It would also be interesting to examine whether birds that learn
their song from reproductively successful tutors are more reproductively successful themselves.
However, due to the difficultly in determining which potential tutors a male learned from, such
experiments may be restricted to laboratory and aviary settings.
My song evolution model was designed with the intent that additional models could be easily
integrated in the future, so that new questions could be explored. As I discussed in Chapter 6, I
would like the model to allow female preferences to evolve and would like to add survival rewards
that would link males trait positively to survival probability. There is one additional feature that
could be added that would allow the model to examine the vast majority of hypotheses regarding
birdsong evolution currently in the field. One of the model’s current limitations is that the user
cannot examine the distinction or interplay between selection based on female choice and selection
based on male-male competition. To add this functionality, I would like there to be set of features
added based on territoriality. Territories themselves could have a value for “quality” that could
either affect the chance that chicks sired from that territory will survive to the next time step or
affect the chance that a male will be included in the pool of males eligible to breed (or both).
Males on lower-quality territories could challenge males on high-quality territories to try to take
167
over better territories. The probability of success could be calculated using the existing function
for picking which males breed, but additional features to calculate male-male competition-specific
traits may be added (e.g. song-matching). This would allow the user to examine what happens if
male competition selects for certain song traits while female preferences select for others.
There are three additional features that would add more nuance to the model, but it is not
clear whether they would affect the overall outcomes of the simulations. 1) Currently, the learning
penalty is prorated, such that males that can potentially learn for a long period of time are more
heavily punished every time step (including time steps after they have ceased learning) than males
that learn for a shorter period of time. This mechanism assumes that simply having the biological
machinery for longer learning is more costly. However, it may be that the capacity to learn for
a longer period itself is not more costly, but rather that learning always costs the same amount;
leaning into adulthood simply extends the amount of time an individual spends accruing the costs
of learning. In that case, all males that learned in a given time step should be penalized by the
same value, and males would not be penalized in time steps after they stop learning. This feature
would only require the addition of a new survival penalty equation and another parameter to toggle
between the two styles of learning penalties. 2) Many songbird species are proposed to have a
predisposition to song structures and features. It would be interesting to see whether incorporat-
ing a form of innate song structure (e.g. all chicks are born knowing a specific syllable) would
affect song evolution in the model. It might also allow the model to examine evolution between
completely innate song (as it is suggested to be in subocines) and song that requires learning from
conspecifics (oscines). This feature would require one or more new parameters to define the initial
song template for chicks and a small modification to the chick generating procedure. 3) Inheritance
in the model as currently implemented is uni-parental. It is unknown whether male song-learning
behavior is primarily inherited from fathers or if female preferences are primarily inherited from
mothers, with the exception that female song templates are believed to be based on their father’s
template in many cases. Allowing for bi-parental inheritance would require that all sex-specific
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traits were generated for both sexes and the creation of a new inheritance mechanism that consid-
ered the trait values of both parents. This extension would require significant reworking of many
model features related to chick generation and the data structures for male and female birds.
In total, I have provided possible solutions to controversies in the literature and provided ev-
idence for theorized connections between sexual selection and the evolution of song-learning be-
havior. My empirical results were then confirmed by my modeling work. Furthermore, my model
allowed me to explore questions that the field could not previously ask and proposed novel predic-
tions about the evolution of birdsong. Finally, my model is flexible enough that it still has untapped
potential to answer evolutionary questions as is and can be fairly easily modified to answer an even
broader array of questions. My thesis work leaves the field poised to better understand the inter-
actions between cultural evolution, sexual selection, and learned behaviors in the context of both
bird evolution and wider evolutionary trends.
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A.2 Syllable repertoire as a discrete variable
Species average syllable repertoire size should be cautiously treated as a continuous variable,
because each researcher could define syllables slightly differently. In addition, there is a precedent
for conducting this type of meta-analysis by separating birds into discrete groups based on song
traits. In their analysis, Soma and Garamszegi19 separated species into either 5 bins based on
species average song repertoire size, or 3 bins based on species average unique syllables per song,
to see if these measures of average species aong elaboration could predict which species show a
correlation between individual song elaboration and reproductive success. Binning by species aver-
age song repertoire size did lead to significant differences, but this was largely discounted, because
species average song repertoire size did not account for a significant proportion of the variability
in their dataset. Species average syllables per song did not lead to significant results or account
for a significant amount of variability. Therefore, we retested this hypothesis by dividing species
in the species average syllable repertoire size dataset into 2 bins, “smaller” and “larger.” There
was no clear value at which to divide species into larger and smaller syllable repertoire sizes, so
we tested all species average syllable repertoire sizes as the threshold between the bins. We found
the posterior mean for the larger species average repertoire bin was significantly separated from 0
for the majority of the repertoire size thresholds, predicting weak correlations when the threshold
value was small (e.g. threshold≥18.5, z=0.333) and strong correlations when the threshold was
large (threshold≥216, z=0.611) (Figures A.2.1 and 2.6 and Table A.2.1). The smaller species
average syllable repertoire bin was never significantly separated from 0 (Figures A.2.1 and 2.6
and Table A.2.1). BEST analysis confirmed it was highly likely that there was a real difference
between the larger and smaller bins for all thresholds between 10.75 and 216 syllables and that
this difference was substantial (differences in z ranging from 0.238 to 0.376 depending on which
significantly different threshold was examined) Table A.2.2. Three species average syllable reper-
toire size thresholds were of particular interest: 1) at 18.5 syllables the meta-analytic mean for
the smaller bin was the most negative, 2) 38 syllables led to the model with the most significant
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evidence of a strong correlation in the larger repertoire bin, and 3) 216 syllables led to the great-
est difference between the meta-analytic means of the smaller and larger species average syllable
repertoire bins. We used only these three thresholds for the remaining analyses in this section.
These results were not significantly affected by using the song stability dataset (Table A.2.3),
jackknife removal of each individual species in turn (Tables A.2.4 to A.2.6), or using territory-
controlled measurements (Tables A.2.7 and A.2.8).
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Table A.2.1: Relatively larger syllable repertoires are predictive of a correlation between
individual song elaboration and reproductive success for most tested thresholds. There was
significant evidence for this correlation in the larger repertoire group when the threshold was 18.15
to 216. There was not significant evidence for this correlation in the smaller repertoire group for
any threshold. Performed in the syllable repertoire dataset. Asterisks (*) denote significant groups.
Threshold Group #Species #Measure Post Mean 95% CredInt pMCMC
<7.46 Smaller 2 4 0.161 [−0.378;0.695] 0.538
≥7.46 Larger 23 82 0.249 [−0.025;0.535] 0.067
<7.9 Smaller 3 6 0.054 [−0.382;0.526] 0.812
≥7.9 Larger 22 80 0.263 [0.007;0.551] 0.05
<10.75 Smaller 4 11 0.03 [−0.369;0.436] 0.88
≥10.75 Larger 21 75 0.284 [0.011;0.569] 0.042*
<14 Smaller 5 13 0.116 [−0.263;0.489] 0.515
≥14 Larger 20 73 0.271 [03.00;0.543] 0.047*
<17.43 Smaller 6 14 0.042 [−0.297;0.388] 0.804
≥17.43 Larger 19 72 0.294 [0.045;0.554] 0.029*
<18.15 Smaller 7 16 0.016 [−0.313;0.337] 0.914
≥18.15 Larger 18 70 0.311 [0.051;0.567] 0.021*
<18.5 Smaller 8 17 −0.034 [−0.338;0.267] 0.82
≥18.5 Larger 17 69 0.333 [0.093;0.574] 0.01*
<20.1 Smaller 9 19 −0.027 [−0.317;0.264] 0.857
≥20.1 Larger 16 67 0.344 [0.115;0.597] 0.009*
<22.5 Smaller 10 21 −0.01 [−0.268;0.258] 0.946
≥22.5 Larger 15 65 0.358 [0.134;0.594] 0.005*
<25.3 Smaller 11 34 0.053 [−0.215;0.309] 0.652
≥25.3 Larger 14 52 0.388 [0.121;0.629] 0.005*
<28.4 Smaller 12 35 0.056 [−0.199;0.316] 0.627
≥28.4 Larger 13 51 0.393 [0.152;0.651] 0.003*
<31.4 Smaller 13 36 0.085 [−0.164;0.329] 0.454
≥31.4 Larger 12 50 0.393 [0.143;0.632] 0.005*
<35.1 Smaller 14 38 0.071 [−0.146;0.3] 0.484
≥35.1 Larger 11 48 0.453 [0.225;0.688] 0.002*
<38 Smaller 15 42 0.098 [−0.121;0.324] 0.336
≥38 Larger 10 44 0.482 [0.244;0.732] 0.001*
<41.3 Smaller 16 56 0.124 [−0.125;0.369] 0.276
≥41.3 Larger 9 30 0.491 [0.204;0.775] 0.002*
<41.95 Smaller 17 58 0.133 [−0.118;0.373] 0.244
≥41.95 Larger 8 28 0.501 [0.208;0.802] 0.002*
<55 Smaller 18 64 0.165 [−0.097;0.434] 0.178
≥55 Larger 7 22 0.486 [0.155;0.824] 0.006*
<86 Smaller 20 71 0.175 [−0.072;0.44] 0.147
≥86 Larger 5 15 0.553 [0.197;0.928] 0.005*
<216 Smaller 21 78 0.185 [−0.068;0.459] 0.141
≥216 Larger 4 8 0.611 [0.194;1.051] 0.006*
<241 Smaller 22 79 0.206 [−0.072;0.478] 0.116
≥241 Larger 3 7 0.536 [0.068;1.049] 0.029*
<367.5 Smaller 23 84 0.22 [−0.049;0.497] 0.093
≥367.5 Larger 2 2 0.722 [0.014;1.44] 0.046*
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Table A.2.2: Larger and smaller syllable repertoire size groups have significantly different
correlations between individual song elaboration and reproductive success for most thresh-
olds. BEST analysis predicts that the two groups had significantly different means for the thresh-
olds 10.75 to 86. Performed in the syllable repertoire dataset. Asterisks (*) denote models with
significantly different groups.
Threshold BEST Mean 95% CredInt %<0
7.46 0.125 [−0.337;0.587] 22.7
7.90 0.257 [−0.093;0.607] 6.6
10.75 0.26 [0.086;0.434] 0.3*
14 0.272 [0.117;0.427] 0.1*
17.43 0.307 [0.15;0.465] 0.1*
18.15 0.315 [0.169;0.461] 0.1*
18.50 0.358 [0.198;0.519] 0.1*
20.10 0.36 [0.201;0.518] 0.1*
22.50 0.373 [0.225;0.522] 0.1*
25.30 0.314 [0.165;0.463] 0.1*
28.40 0.337 [0.19;0.485] 0.1*
31.40 0.329 [0.179;0.479] 0.1*
35.10 0.376 [0.232;0.521] 0.1*
38 0.365 [0.216;0.515] 0.1*
41.30 0.324 [0.142;0.506] 0.1*
41.95 0.331 [0.138;0.525] 0.1*
55 0.238 [0.041;0.435] 1.3*
86 0.294 [0.144;0.444] 0.1*
216 0.246 [−0.028;0.52] 3.6*
241 0.189 [−0.085;0.462] 7.9
367.50 9.115 [−44.729;62.958] 32.6
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Figure A.2.1: Distribution of species average repertoire sizes. Species plotted in order of in-
creasing average syllable repertoire size. Species average syllable repertoire size (without the log
transformation) is included next to species name in parentheses. Red circles denote song-plastic
species, and blue circles denote song-stable species. Black circles denote species for which no
song stability information was available. Circle size increases as more studies were included for a
single species. We tested each species average syllable repertoire size between 7.46 and 367.5 as
a threshold between smaller and larger species average syllable repertoires in the Bayesian meta-
analyses. The darker grey region denotes species average syllable repertoire thresholds for which
the meta-analytic mean for the smaller group was less than 0.05, while the lighter grey region de-
notes species average syllable repertoire thresholds for which pMCMC<0.025 for the larger species
average syllable repertoire group. Dashed lines show the thresholds used for all subsequent species
average syllable repertoire size analyses (≥18.5, 38, and 216).
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Table A.2.3: Relatively larger syllable repertoires are predictive of a correlation between
individual song elaboration and reproductive success for all tested thresholds. There was not
significant evidence for this correlation in the smaller repertoire group for any tested threshold.
Performed in the song stability dataset. Asterisks (*) denote significant groups.
Threshold Group #Species #Measure Post Mean 95% CredInt pMCMC
<18.5 Smaller 5 11 −0.016 [−0.375;0.343] 0.937
≥18.5 Larger 15 66 0.336 [0.099;0.579] 0.009*
<38 Smaller 12 36 0.111 [−0.114;0.352] 0.31
≥38 Larger 8 41 0.486 [0.228;0.738] 0.002*
<216 Smaller 16 69 0.216 [−0.041;0.47] 0.091
≥216 Larger 4 8 0.637 [0.205;1.105] 0.006*
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Table A.2.4: Removal of individual species does not significantly affect the syllable repertoire
results. Performed in the syllable repertoire dataset. Threshold ≥ 18.5. Asterisks (*) denote
significant groups.
Removed Group #Species #Measure Post Mean 95% CredInt pMCMC
Acrocephalus arundinaceus Smaller 8 17 −0.037 [−0.364;0.27] 0.813
Acrocephalus arundinaceus Larger 16 56 0.353 [0.093;0.608] 0.013*
Acrocephalus bistrigiceps Smaller 8 17 −0.038 [−0.345;0.257] 0.784
Acrocephalus bistrigiceps Larger 16 68 0.33 [0.101;0.547] 0.007*
Acrocephalus palustris Smaller 8 17 −0.045 [−0.359;0.241] 0.762
Acrocephalus palustris Larger 16 64 0.32 [0.092;0.555] 0.01*
Acrocephalus schoenobaenus Smaller 8 17 −0.055 [−0.363;0.219] 0.697
Acrocephalus schoenobaenus Larger 16 63 0.335 [0.122;0.543] 0.005*
Agelaius phoeniceus Smaller 8 17 −0.037 [−0.32;0.25] 0.798
Agelaius phoeniceus Larger 16 67 0.341 [0.107;0.563] 0.008*
Anthus spinoletta Smaller 7 15 −0.048 [−0.354;0.277] 0.757
Anthus spinoletta Larger 17 69 0.333 [0.097;0.576] 0.012*
Cardinalis cardinalis Smaller 7 16 0.001 [−0.28;0.289] 0.988
Cardinalis cardinalis Larger 17 69 0.331 [0.105;0.561] 0.01*
Carpodacus mexicanus Smaller 8 17 −0.034 [−0.327;0.258] 0.81
Carpodacus mexicanus Larger 16 67 0.334 [0.088;0.568] 0.012*
Dendroica pensylvanica Smaller 7 15 −0.098 [−0.407;0.208] 0.505
Dendroica pensylvanica Larger 17 69 0.336 [0.087;0.589] 0.015*
Emberiza schoeniclus Smaller 7 16 0.008 [−0.263;0.29] 0.931
Emberiza schoeniclus Larger 17 69 0.329 [0.122;0.533] 0.008*
Ficedula albicollis Smaller 8 17 −0.011 [−0.287;0.259] 0.93
Ficedula albicollis Larger 16 67 0.37 [0.138;0.591] 0.005*
Ficedula hypoleuca Smaller 8 17 −0.049 [−0.368;0.246] 0.761
Ficedula hypoleuca Larger 16 68 0.315 [0.071;0.555] 0.023*
Hirundo rustica Smaller 8 17 −0.032 [−0.327;0.259] 0.827
Hirundo rustica Larger 16 67 0.35 [0.124;0.591] 0.008*
Luscinia megarhynchos Smaller 8 17 −0.037 [−0.358;0.252] 0.807
Luscinia megarhynchos Larger 16 68 0.32 [0.084;0.567] 0.017*
Melospiza melodia Smaller 8 17 −0.026 [−0.333;0.258] 0.863
Melospiza melodia Larger 16 55 0.317 [0.069;0.56] 0.017*
Mimus polyglottos Smaller 8 17 −0.035 [−0.328;0.247] 0.807
Mimus polyglottos Larger 16 68 0.318 [0.091;0.548] 0.012*
Parus caeruleus Smaller 7 15 −0.058 [−0.36;0.234] 0.678
Parus caeruleus Larger 17 69 0.334 [0.105;0.575] 0.012*
Parus major Smaller 7 12 −0.037 [−0.361;0.276] 0.8
Parus major Larger 17 69 0.339 [0.098;0.58] 0.011*
Phylloscopus fuscatus Smaller 8 17 −0.033 [−0.336;0.255] 0.821
Phylloscopus fuscatus Larger 16 68 0.336 [0.115;0.577] 0.011*
Phylloscopus trochilus Smaller 8 17 −0.025 [−0.352;0.267] 0.879
Phylloscopus trochilus Larger 16 65 0.328 [0.085;0.576] 0.015*
Plectrophenax nivalis Smaller 7 15 −0.016 [−0.321;0.286] 0.919
Plectrophenax nivalis Larger 17 69 0.332 [0.097;0.565] 0.011*
Sturnella neglecta Smaller 8 17 −0.039 [−0.343;0.246] 0.793
Sturnella neglecta Larger 16 62 0.326 [0.096;0.576] 0.013*
Sturnus vulgaris Smaller 8 17 −0.034 [−0.315;0.246] 0.815
Sturnus vulgaris Larger 16 63 0.316 [0.092;0.544] 0.011*
Sylvia communis Smaller 8 17 −0.036 [−0.328;0.263] 0.805
Sylvia communis Larger 16 68 0.326 [0.096;0.557] 0.011*
Wilsonia canadensis Smaller 7 15 −0.024 [−0.308;0.273] 0.864
Wilsonia canadensis Larger 17 69 0.338 [0.117;0.574] 0.01*
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Table A.2.5: Removal of individual species does not significantly affect the syllable reper-
toire results. Performed in the syllable repertoire dataset. Threshold ≥ 38. Asterisks (*) denote
significant groups.
Removed Group #Species #Measure Post Mean 95% CredInt pMCMC
Acrocephalus arundinaceus Smaller 14 29 0.046 [−0.187;0.272] 0.651
Acrocephalus arundinaceus Larger 10 44 0.468 [0.242;0.718] 0.002*
Acrocephalus bistrigiceps Smaller 15 42 0.097 [−0.108;0.317] 0.327
Acrocephalus bistrigiceps Larger 9 43 0.49 [0.252;0.723] 0.001*
Acrocephalus palustris Smaller 15 42 0.093 [−0.118;0.312] 0.352
Acrocephalus palustris Larger 9 39 0.487 [0.239;0.743] 0.001*
Acrocephalus schoenobaenus Smaller 15 42 0.102 [−0.089;0.291] 0.256
Acrocephalus schoenobaenus Larger 9 38 0.531 [0.307;0.759] 0*
Agelaius phoeniceus Smaller 14 40 0.078 [−0.136;0.289] 0.424
Agelaius phoeniceus Larger 10 44 0.454 [0.224;0.682] 0.001*
Anthus spinoletta Smaller 14 40 0.094 [−0.138;0.319] 0.366
Anthus spinoletta Larger 10 44 0.474 [0.233;0.722] 0.002*
Cardinalis cardinalis Smaller 14 41 0.101 [−0.108;0.31] 0.295
Cardinalis cardinalis Larger 10 44 0.465 [0.239;0.699] 0.001*
Carpodacus mexicanus Smaller 15 42 0.088 [−0.129;0.311] 0.37
Carpodacus mexicanus Larger 9 42 0.478 [0.24;0.735] 0.001*
Dendroica pensylvanica Smaller 14 40 0.06 [−0.182;0.296] 0.564
Dendroica pensylvanica Larger 10 44 0.466 [0.218;0.731] 0.003*
Emberiza schoeniclus Smaller 14 41 0.102 [−0.098;0.282] 0.254
Emberiza schoeniclus Larger 10 44 0.459 [0.256;0.669] 0.001*
Ficedula albicollis Smaller 14 40 0.137 [−0.09;0.373] 0.199
Ficedula albicollis Larger 10 44 0.491 [0.258;0.759] 0.001*
Ficedula hypoleuca Smaller 14 41 0.072 [−0.15;0.295] 0.476
Ficedula hypoleuca Larger 10 44 0.475 [0.246;0.726] 0.001*
Hirundo rustica Smaller 14 40 0.097 [−0.136;0.32] 0.35
Hirundo rustica Larger 10 44 0.483 [0.238;0.735] 0.001*
Luscinia megarhynchos Smaller 15 42 0.094 [−0.129;0.324] 0.361
Luscinia megarhynchos Larger 9 43 0.47 [0.224;0.72] 0.001*
Melospiza melodia Smaller 15 42 0.087 [−0.142;0.304] 0.399
Melospiza melodia Larger 9 30 0.473 [0.195;0.728] 0.003*
Mimus polyglottos Smaller 15 42 0.094 [−0.12;0.312] 0.338
Mimus polyglottos Larger 9 43 0.459 [0.219;0.693] 0.002*
Parus caeruleus Smaller 14 40 0.086 [−0.135;0.313] 0.397
Parus caeruleus Larger 10 44 0.477 [0.22;0.717] 0.002*
Parus major Smaller 14 37 0.106 [−0.123;0.349] 0.333
Parus major Larger 10 44 0.486 [0.232;0.744] 0.002*
Phylloscopus fuscatus Smaller 14 41 0.1 [−0.116;0.328] 0.331
Phylloscopus fuscatus Larger 10 44 0.483 [0.243;0.729] 0.001*
Phylloscopus trochilus Smaller 14 38 0.077 [−0.149;0.293] 0.462
Phylloscopus trochilus Larger 10 44 0.47 [0.234;0.712] 0.002*
Plectrophenax nivalis Smaller 14 40 0.097 [−0.119;0.319] 0.329
Plectrophenax nivalis Larger 10 44 0.466 [0.225;0.695] 0.002*
Sturnella neglecta Smaller 15 42 0.083 [−0.15;0.298] 0.414
Sturnella neglecta Larger 9 37 0.473 [0.213;0.726] 0.002*
Sturnus vulgaris Smaller 15 42 0.096 [−0.113;0.316] 0.342
Sturnus vulgaris Larger 9 38 0.466 [0.222;0.72] 0.002*
Sylvia communis Smaller 15 42 0.097 [−0.119;0.321] 0.351
Sylvia communis Larger 9 43 0.475 [0.236;0.721] 0.002*
Wilsonia canadensis Smaller 14 40 0.093 [−0.124;0.309] 0.348
Wilsonia canadensis Larger 10 44 0.47 [0.232;0.707] 0.001*
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Table A.2.6: Removal of individual species does not significantly affect the syllable repertoire
results. Performed in the syllable repertoire dataset. Threshold ≥ 216. Asterisks (*) denote
significant groups.
Removed Group #Species #Measure Post Mean 95% CredInt pMCMC
Acrocephalus arundinaceus Smaller 20 65 0.181 [−0.091;0.462] 0.162
Acrocephalus arundinaceus Larger 4 8 0.627 [0.16;1.067] 0.007*
Acrocephalus bistrigiceps Smaller 20 77 0.192 [−0.054;0.436] 0.103
Acrocephalus bistrigiceps Larger 4 8 0.62 [0.187;1.034] 0.004*
Acrocephalus palustris Smaller 21 78 0.18 [−0.075;0.415] 0.122
Acrocephalus palustris Larger 3 3 0.782 [0.247;1.338] 0.006*
Acrocephalus schoenobaenus Smaller 20 72 0.177 [−0.058;0.409] 0.114
Acrocephalus schoenobaenus Larger 4 8 0.627 [0.221;1.062] 0.004*
Agelaius phoeniceus Smaller 20 76 0.181 [−0.058;0.42] 0.124
Agelaius phoeniceus Larger 4 8 0.59 [0.161;1.017] 0.008*
Anthus spinoletta Smaller 20 76 0.19 [−0.072;0.45] 0.134
Anthus spinoletta Larger 4 8 0.615 [0.163;1.037] 0.007*
Cardinalis cardinalis Smaller 20 77 0.195 [−0.046;0.433] 0.099
Cardinalis cardinalis Larger 4 8 0.606 [0.19;1.012] 0.004*
Carpodacus mexicanus Smaller 20 76 0.172 [−0.085;0.428] 0.168
Carpodacus mexicanus Larger 4 8 0.611 [0.174;1.053] 0.009*
Dendroica pensylvanica Smaller 20 76 0.162 [−0.101;0.424] 0.191
Dendroica pensylvanica Larger 4 8 0.608 [0.171;1.052] 0.01*
Emberiza schoeniclus Smaller 20 77 0.201 [−0.022;0.412] 0.07
Emberiza schoeniclus Larger 4 8 0.594 [0.206;1.002] 0.004*
Ficedula albicollis Smaller 20 76 0.227 [−0.033;0.494] 0.073
Ficedula albicollis Larger 4 8 0.61 [0.194;1.037] 0.006*
Ficedula hypoleuca Smaller 20 77 0.157 [−0.113;0.412] 0.216
Ficedula hypoleuca Larger 4 8 0.598 [0.164;1.028] 0.008*
Hirundo rustica Smaller 20 76 0.192 [−0.085;0.451] 0.134
Hirundo rustica Larger 4 8 0.617 [0.194;1.059] 0.006*
Luscinia megarhynchos Smaller 21 78 0.183 [−0.085;0.436] 0.144
Luscinia megarhynchos Larger 3 7 0.579 [0.123;1.032] 0.015*
Melospiza melodia Smaller 20 64 0.159 [−0.076;0.416] 0.169
Melospiza melodia Larger 4 8 0.592 [0.178;1.031] 0.008*
Mimus polyglottos Smaller 21 78 0.189 [−0.061;0.443] 0.12
Mimus polyglottos Larger 3 7 0.537 [0.068;0.999] 0.021*
Parus caeruleus Smaller 20 76 0.177 [−0.076;0.448] 0.155
Parus caeruleus Larger 4 8 0.605 [0.181;1.051] 0.008*
Parus major Smaller 20 73 0.196 [−0.067;0.469] 0.129
Parus major Larger 4 8 0.614 [0.193;1.065] 0.006*
Phylloscopus fuscatus Smaller 20 77 0.188 [−0.06;0.448] 0.129
Phylloscopus fuscatus Larger 4 8 0.613 [0.194;1.055] 0.005*
Phylloscopus trochilus Smaller 20 74 0.172 [−0.092;0.446] 0.167
Phylloscopus trochilus Larger 4 8 0.597 [0.174;1.024] 0.009*
Plectrophenax nivalis Smaller 20 76 0.192 [−0.063;0.437] 0.111
Plectrophenax nivalis Larger 4 8 0.609 [0.186;1.04] 0.008*
Sturnella neglecta Smaller 20 71 0.164 [−0.096;0.404] 0.168
Sturnella neglecta Larger 4 8 0.608 [0.189;1.067] 0.007*
Sturnus vulgaris Smaller 20 72 0.154 [−0.092;0.396] 0.189
Sturnus vulgaris Larger 4 8 0.61 [0.185;1.008] 0.005*
Sylvia communis Smaller 21 78 0.185 [−0.069;0.444] 0.136
Sylvia communis Larger 3 7 0.604 [0.161;1.066] 0.01*
Wilsonia canadensis Smaller 20 76 0.191 [−0.06;0.443] 0.115
Wilsonia canadensis Larger 4 8 0.614 [0.174;1.045] 0.006*
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Table A.2.7: Relatively larger syllable repertoires are predictive of a correlation between in-
dividual song elaboration and reproductive success for all tested thresholds. There was not
significant evidence for this correlation in the smaller repertoire group for any threshold. Per-
formed in the syllable repertoire dataset with territory-controlled measurements. Asterisks (*)
denote significant groups.
Threshold Group #Species #Measure Post Mean 95% CredInt pMCMC
<18.5 Smaller 8 17 −0.039 [−0.316;0.25] 0.778
≥18.5 Larger 17 69 0.307 [0.088;0.542] 0.013*
<38 Smaller 15 42 0.084 [−0.136;0.283] 0.374
≥38 Larger 10 44 0.448 [0.212;0.667] 0.002*
<216 Smaller 21 78 0.176 [−0.076;0.424] 0.134
≥216 Larger 4 8 0.476 [0.086;0.902] 0.023*
Table A.2.8: Larger and smaller syllable repertoire size groups have significantly different
correlations between individual song elaboration and reproductive success for most thresh-
olds. Performed in syllable repertoire dataset with territory-controlled measurements. Asterisks
(*) denote models with significantly different groups.
Threshold BEST Mean 95% CredInt %<0
18.50 0.345 [0.187;0.504] 0.1*
38 0.361 [0.22;0.502] 0.1*
216 0.183 [−0.054;0.42] 6.2
Measurements of average syllable repertoire size are inherently noisy, because different investi-
gators define syllables differently, and syllables are markedly different between species. Therefore,
we repeated the threshold analysis using the highest and lowest values that we encountered for each
species in the literature. While switching the repertoire size values did change the overall order of
species, it did not have a major effect on the position of individual species, with most birds chang-
ing their ranking order by 2 positions or fewer (Figures A.2.1 and A.2.2). Of note, the position of
Emberiza schoeniclus was noticeably affected by the repertoire size estimate used (Original posi-
tion=8, Min position=5, Max position=13), as was the position of Phylloscopus trochilus (Original
position=15, Min position=15, Max position=20). Using the minimum or maximum values did not
significantly affect the results (Tables A.2.9 to A.2.12), suggesting that these results do not depend
on the precise repertoire size measurements used or require species to be in the exact order they
were arranged; As long as species with smaller repertoires are generally early in the ordering from
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smallest to largest average species syllable repertoires, and species with larger repertoires are late
in that order, the same outcome is achieved.
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Figure A.2.2: Species plotted in order of increasing syllable repertoire size. Repertoire size
(without the log transformation) is included next to species name in parentheses. Red circles denote
song-plastic species, and blue circles denote song-stable species. Black circles denote species for
which no song stability information was available. Circle size increases as more studies were
included for a single species. (A) shows the order when the maximum estimate values in the
literature were used to rank species, while (B) shows the order when the minimum values in the
literature were used to rank species.
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Table A.2.9: Using the maximum values in the literature for species average syllable reper-
toire size did not significantly affect the results. Performed in the syllable repertoire dataset.
Asterisks (*) denote significant groups.
Threshold Group #Species #Measure Post Mean 95% CredInt pMCMC
<7.46 Smaller 1 2 0.067 [−0.599;0.784] 0.848
≥7.46 Larger 24 84 0.25 [−0.024;0.534] 0.064
<9.6 Smaller 2 4 −0.044 [−0.574;0.466] 0.853
≥9.6 Larger 23 82 0.261 [−0.015;0.528] 0.052
<10 Smaller 3 6 0.054 [−0.382;0.526] 0.812
≥10 Larger 22 80 0.263 [0.007;0.551] 0.05
<14 Smaller 4 11 0.03 [−0.369;0.436] 0.88
≥14 Larger 21 75 0.284 [0.011;0.569] 0.042*
<16.1 Smaller 5 12 −0.051 [−0.409;0.329] 0.779
≥16.1 Larger 20 74 0.311 [0.039;0.584] 0.028*
<17.43 Smaller 6 14 0.042 [−0.297;0.388] 0.804
≥17.43 Larger 19 72 0.294 [0.045;0.554] 0.029*
<18.5 Smaller 7 16 0.016 [−0.313;0.337] 0.914
≥18.5 Larger 18 70 0.311 [0.051;0.567] 0.021*
<20.2 Smaller 8 18 0.018 [−0.296;0.318] 0.894
≥20.2 Larger 17 68 0.322 [0.062;0.574] 0.017*
<27 Smaller 9 20 0.03 [−0.253;0.311] 0.816
≥27 Larger 16 66 0.333 [0.084;0.58] 0.013*
<29.8 Smaller 10 21 0.034 [−0.241;0.316] 0.794
≥29.8 Larger 15 65 0.337 [0.1;0.589] 0.011*
<30 Smaller 11 22 0.068 [−0.201;0.337] 0.598
≥30 Larger 14 64 0.337 [0.1;0.586] 0.012*
<31.4 Smaller 13 36 0.085 [−0.164;0.329] 0.454
≥31.4 Larger 12 50 0.393 [0.143;0.632] 0.005*
<38 Smaller 14 38 0.071 [−0.146;0.3] 0.484
≥38 Larger 11 48 0.453 [0.225;0.688] 0.002*
<41.3 Smaller 15 52 0.102 [−0.144;0.357] 0.379
≥41.3 Larger 10 34 0.457 [0.184;0.728] 0.003*
<44 Smaller 16 54 0.112 [−0.134;0.364] 0.335
≥44 Larger 9 32 0.463 [0.181;0.741] 0.003*
<55 Smaller 17 60 0.148 [−0.121;0.415] 0.232
≥55 Larger 8 26 0.446 [0.125;0.755] 0.007*
<68 Smaller 18 61 0.15 [−0.103;0.428] 0.224
≥68 Larger 7 25 0.454 [0.14;0.778] 0.007*
<80 Smaller 19 67 0.157 [−0.117;0.411] 0.202
≥80 Larger 6 19 0.487 [0.154;0.825] 0.006*
<86 Smaller 20 71 0.175 [−0.072;0.44] 0.147
≥86 Larger 5 15 0.553 [0.197;0.928] 0.005*
<216 Smaller 21 78 0.185 [−0.068;0.459] 0.141
≥216 Larger 4 8 0.611 [0.194;1.051] 0.006*
<411 Smaller 22 79 0.206 [−0.072;0.478] 0.116
≥411 Larger 3 7 0.536 [0.068;1.049] 0.029*
<616 Smaller 23 84 0.22 [−0.049;0.497] 0.093
≥616 Larger 2 2 0.722 [0.014;1.44] 0.046*
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Table A.2.10: Using the minimum values in the literature for species average syllable reper-
toire size did not significantly affect the results. Performed in the syllable repertoire dataset.
Asterisks (*) denote significant groups.
Threshold Group #Species #Measure Post Mean 95% CredInt pMCMC
<5.1 Smaller 2 7 0.117 [−0.454;0.695] 0.65
≥5.1 Larger 23 79 0.256 [−0.026;0.553] 0.068
<5.4 Smaller 3 9 0.098 [−0.355;0.56] 0.65
≥5.4 Larger 22 77 0.266 [−0.01;0.566] 0.056
<6.3 Smaller 4 11 0.185 [−0.222;0.612] 0.356
≥6.3 Larger 21 75 0.254 [−0.02;0.542] 0.063
<7.46 Smaller 5 12 0.082 [−0.278;0.475] 0.646
≥7.46 Larger 20 74 0.276 [0.017;0.545] 0.039*
<14 Smaller 6 14 0.039 [−0.306;0.373] 0.818
≥14 Larger 19 72 0.294 [0.057;0.557] 0.023*
<15 Smaller 7 15 −0.015 [−0.322;0.303] 0.915
≥15 Larger 18 71 0.316 [0.077;0.552] 0.013*
<17.43 Smaller 8 28 0.059 [−0.238;0.368] 0.674
≥17.43 Larger 17 58 0.329 [0.064;0.584] 0.017*
<18.5 Smaller 9 30 0.041 [−0.25;0.341] 0.747
≥18.5 Larger 16 56 0.354 [0.094;0.611] 0.013*
<18.6 Smaller 10 32 0.043 [−0.243;0.324] 0.722
≥18.6 Larger 15 54 0.371 [0.119;0.641] 0.011*
<20 Smaller 11 33 0.047 [−0.24;0.316] 0.694
≥20 Larger 14 53 0.376 [0.123;0.635] 0.008*
<26.9 Smaller 12 35 0.056 [−0.199;0.316] 0.627
≥26.9 Larger 13 51 0.393 [0.152;0.651] 0.003*
<27 Smaller 13 37 0.049 [−0.186;0.273] 0.629
≥27 Larger 12 49 0.447 [0.213;0.677] 0.002*
<29.7 Smaller 14 38 0.071 [−0.146;0.3] 0.484
≥29.7 Larger 11 48 0.453 [0.225;0.688] 0.002*
<38 Smaller 15 42 0.098 [−0.121;0.324] 0.336
≥38 Larger 10 44 0.482 [0.244;0.732] 0.001*
<39.9 Smaller 16 56 0.124 [−0.125;0.369] 0.276
≥39.9 Larger 9 30 0.491 [0.204;0.775] 0.002*
<41.3 Smaller 17 62 0.159 [−0.113;0.422] 0.196
≥41.3 Larger 8 24 0.479 [0.167;0.82] 0.005*
<45 Smaller 18 64 0.165 [−0.097;0.434] 0.178
≥45 Larger 7 22 0.486 [0.155;0.824] 0.006*
<55 Smaller 19 70 0.176 [−0.079;0.429] 0.14
≥55 Larger 6 16 0.514 [0.176;0.871] 0.006*
<86 Smaller 20 71 0.175 [−0.072;0.44] 0.147
≥86 Larger 5 15 0.553 [0.197;0.928] 0.005*
<90 Smaller 21 78 0.185 [−0.068;0.459] 0.141
≥90 Larger 4 8 0.611 [0.194;1.051] 0.006*
<119 Smaller 22 83 0.2 [−0.072;0.444] 0.114
≥119 Larger 3 3 0.801 [0.234;1.334] 0.006*
<216 Smaller 23 84 0.206 [−0.049;0.476] 0.108
≥216 Larger 2 2 0.874 [0.209;1.539] 0.011*
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Table A.2.11: Groups of species with relatively larger and smaller syllable repertoire sizes
were significantly different. Performed in the syllable repertoire dataset, using the maximum
reported species average syllable repertoire size for each species. Asterisks (*) denote significant
groups.
Threshold BEST Mean 95% CredInt %<0
9.60 0.326 [−0.245;0.897] 6.8
10 0.257 [−0.093;0.607] 6.6
14 0.26 [0.086;0.434] 0.3*
16.10 0.301 [0.118;0.484] 0.1*
17.43 0.307 [0.15;0.465] 0.1*
18.50 0.315 [0.169;0.461] 0.1*
20.20 0.319 [0.173;0.464] 0.1*
27 0.333 [0.192;0.475] 0.1*
29.80 0.356 [0.218;0.495] 0.1*
30 0.339 [0.198;0.481] 0.1*
31.40 0.329 [0.179;0.479] 0.1*
38 0.376 [0.232;0.521] 0.1*
41.30 0.325 [0.155;0.495] 0.1*
44 0.317 [0.14;0.495] 0.1*
55 0.231 [0.045;0.417] 0.7*
68 0.237 [0.048;0.426] 0.9*
80 0.273 [0.108;0.438] 0.1*
86 0.294 [0.144;0.444] 0.1*
216 0.246 [−0.028;0.52] 3.6*
411 0.189 [−0.085;0.462] 7.9
616 9.115 [−44.729;62.958] 32.6
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Table A.2.12: Groups of species with relatively larger and smaller syllable repertoire sizes
were significantly different. Performed in the syllable repertoire dataset, using the minimum
reported species average syllable repertoire size for each species. Asterisks (*) denote significant
groups.
Threshold BEST Mean 95% CredInt %<0
5.40 0.196 [0.021;0.371] 1.4*
6.30 0.221 [0.072;0.37] 0.4*
7.46 0.279 [0.087;0.471] 0.3*
14 0.325 [0.149;0.501] 0.1*
15 0.362 [0.183;0.542] 0.1*
17.43 0.26 [0.107;0.413] 0.1*
18.50 0.285 [0.136;0.433] 0.1*
18.60 0.292 [0.142;0.441] 0.1*
20 0.313 [0.161;0.464] 0.1*
26.90 0.337 [0.19;0.485] 0.1*
27 0.384 [0.24;0.528] 0.1*
29.70 0.376 [0.232;0.521] 0.1*
38 0.365 [0.216;0.515] 0.1*
39.90 0.324 [0.142;0.506] 0.1*
41.30 0.225 [0.045;0.404] 0.7*
45 0.238 [0.041;0.435] 1.3*
55 0.273 [0.122;0.425] 0.1*
86 0.294 [0.144;0.444] 0.1*
90 0.246 [−0.028;0.52] 3.6*
119 0.357 [−1.669;2.382] 12.2
216 −12.852 [−109.569;83.864] 38.5
Considering the result that the exact ordering of species could change and similar results would
be obtained, we wanted to assess the probability of getting significant results when the data was
split into two groups arbitrarily instead of based on published species average syllable repertoire
size. We generated 500 permutations of the data, randomly assigning each species to one of two
groups and performing a meta-analysis with each permutation. We found that 4.4% of the ran-
domized groups (8.8% of the two group models) showed significant (pMCMC<0.025) evidence of
a real correlation between song elaboration and reproductive success, which was also significantly
different from the other group in that same model (BEST%<0<2.5%). In contrast, 14 out of 21
thresholded models from the real data were significant (thresholds 18.15 to 216 syllables); in the
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real data, the middle range of thresholds was significant while the largest and smallest thresh-
olds were not. (Figure A.2.3A). Interestingly, the arbitrary significant groups were enriched with
species with larger repertoires and had fewer species with smaller repertoires relative to the ar-
bitrary nonsignificant groups (Figure A.2.3B). If the pMCMC threshold for significant results was
reduced to 0.013 — allowing only a 2.5% chance of type I error based on the arbitrary grouping
results — the main analysis results are still significant for 13 out of 21 species average syllable
repertoire size thresholds (18.5 to 216 syllables).
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Figure A.2.3: Distribution of model statistics when the two constituent groups are formed
randomly using the species average syllable repertoire dataset. (A) Black dashed line denotes
the meta-analytic mean for the full population in the syllable repertoire dataset. Each grey dot
represents the group from a randomized model with the lowest pMCMC. Each red triangle repre-
sents the pMCMC for the larger species average syllable repertoire group for one of the thresholds
tested in the dichotomized species average syllable repertoire size analyses. The light blue rect-
angle shows the region where a model must fall to have a group with significant evidence for
a correlation between individual song elaboration and reproductive success (pMCMC<0.025) that
was also significantly different from the other group in that same model (BEST%<0<2.5%). In
total, 4.4% of all randomized groups (8.8% of the 2-group models) were significant based on this
criterion. In contrast, 14 out of 21 models from the real data were significant (thresholds 18.15 to
216 syllables). The grey dashed line indicates the pMCMC threshold at which 2.5% percent of the
randomized data would be considered significant (pMCMC<=0.013). At this significance threshold,
13 out of 21 models from the real data were still significant (thresholds 18.5 to 216 syllables). (B)
Histogram of species in the group with a significant pMCMC from the randomized models present
in the blue region of (A) (44 models). Species are ordered from smallest to largest average syllable
repertoire size, with the literature reported value in parentheses after the species name. The black
dashed line shows the chance each species had to be randomly assigned into group 1 or group 2.
The grey shaded rectangle shows where the data would be expected to fall due to chance 95% of
the time. Significant arbitrary groups contained several species with repertoire sizes less than 25
syllables less often than would be expected by random chance (Parus caeruleus, Plectrophenax
nivalis, Cardinalis cardinalis, and Emberiza schoeniclus). These groups were also enriched above
chance levels in most species with repertoires 86 syllables (Sturnella neglecta, Mimus polyglottos,
Acrocephalus palustris, Luscinia megarhynchos).
Although song stability did not provide predictive value alone, it was possible that it would pro-
vide additional predictive information in combination with species average syllable repertoire size.
We tested for the existence of this interaction by including an interaction term between species av-
erage syllable repertoire size and song stability in the Bayesian meta-analysis; however, breaking
the species into four groups led to very small sample sizes that make the results of the model diffi-
cult to interpret (Table A.2.13). The results tentatively suggest that there may be some additional
predictive power of these two variables in combination; species with intermediate to large average
syllable repertoires combined with plastic songs were most likely to show a correlation between
individual song elaboration and reproductive success, while species with smaller average syllable
repertoires and stable songs were least likely to show this correlation. A larger number of species
will need to be studied to make any conclusive statements.
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Table A.2.13: Combined meta-analysis of species average syllable repertoire size and song
stability. Performed in the song stability dataset. Asterisks (*) denote significant groups.
Threshold Group #Species #Measure Post Mean 95% CredInt pMCMC
<18.5 SmallerStable 4 9 −0.137 [−0.575;0.283] 0.52
≥18.5 LargerStable 2 19 0.435 [0.011;0.827] 0.036*
<18.5 SmallerPlastic 1 2 0.385 [−0.283;1.042] 0.24
≥18.5 LargerPlastic 13 47 0.308 [0.039;0.583] 0.028*
<38 SmallerStable 4 9 −0.113 [−0.5;0.223] 0.523
≥38 LargerStable 2 19 0.436 [0.106;0.784] 0.015*
<38 SmallerPlastic 8 27 0.187 [−0.065;0.448] 0.137
≥38 LargerPlastic 6 22 0.535 [0.243;0.841] 0.002*
<216 SmallerStable 5 23 0.077 [−0.325;0.468] 0.657
≥216 LargerStable 1 5 0.452 [−0.208;1.109] 0.158
<216 SmallerPlastic 11 46 0.265 [−0.014;0.557] 0.062
≥216 LargerPlastic 3 3 0.843 [0.249;1.442] 0.008*
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A.3 Robustness testing
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Figure A.3.1: Using territory-controlled measurements did not significantly affect funnel-
plot asymetry. Funnel plots show the 91 measurements of the correlation between individual
song elaboration and reproductive success from the full dataset used in the Bayesian meta-analysis
presented in the main text, here performed with territory-controlled measurements. The grey dotted
line represents the mean Fisher’s transformed Z. (A) Circle color becomes more red as the average
syllable repertoire of the species increases. Black circles show measurements from species for
which the syllable repertoire size is unknown. (B) Blue circles indicate measures from song-stable
species, while red circles indicate measurements from song-plastic species. Black circles denote
species for which no song stability information was available. Regression testing on the full dataset
(z=0.8393, p=0.4013), syllable repertoire dataset (z=1.4602, p=0.1442), or song stability dataset
(z=1.3952, p=0.1630) revealed no significant funnel plot asymmetry. Ranked correlation testing
on the full dataset (τ=0.0168, p=0.8156), syllable repertoire dataset (τ=0.0472, p=0.5233), or song
stability dataset (τ=0.0345, p=0.6598) also revealed no significant funnel plot asymmetry.
Table A.3.1: Population meta-analysis performed in all three datasets with territory-
controlled measurements.
Group #Species #Measure Post Mean 95% CredInt pMCMC
Full Dataset 27 91 0.188 [−0.154;0.53] 0.197
Repertoire Dataset 25 86 0.214 [−0.041;0.458] 0.082
Song Stability dataset 20 77 0.24 [−0.007;0.476] 0.05
227
Table A.3.2: Using multiple predictive trees in place of a consensus tree did not significantly
affect any results. For each model below, 100 trees were randomly selected from the sample of
1000 used to generate the consensus tree. Each tree was run twice, so 200 MCMC chains were
generated for each model. Reported below are values calculated using the quantile method. We
obtained similar results using the hdr method, however, this methods threw warnings, because the
hrd credibility intervals could not be calculated for the residual variance. pMCMC not reported,
because mulTree.summary does not provide this value.
Model Group Post Mean 95% CredInt
Population 0.199 [−0.004;0.402]
Stable 0.147 [−0.206;0.465]
Plastic 0.317 [0.062;0.599]
Intercept −0.355 [−0.751;0.018]
Slope 0.174 [0.079;0.273]
Smaller <18.5 −0.022 [−0.279;0.229]
Larger ≥ 18.5 0.332 [0.131;0.542]
Smaller <38 0.076 [−0.126;0.273]
Larger ≥ 38 0.463 [0.249;0.687]
Smaller <216 0.174 [−0.04;0.385]
Larger ≥ 216 0.615 [0.225;1.032]
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Table A.3.3: Continuous species average syllable repertoire size model meta-analysis with
each species removed in turn. Removal of any one species did not significantly affect the data.
Asterisks (*) denote significant slopes.
Removed Group #Species #Measure Post Mean 95% CredInt pMCMC
Acrocephalus arundinaceus Intercept 24 73 −0.382 [−0.817;0.064] 0.079
Acrocephalus arundinaceus Slope 24 73 0.179 [0.075;0.283] 0.001*
Acrocephalus bistrigiceps Intercept 24 85 −0.358 [−0.777;0.053] 0.079
Acrocephalus bistrigiceps Slope 24 85 0.176 [0.074;0.277] 0.001*
Acrocephalus palustris Intercept 24 81 −0.424 [−0.86;0.006] 0.052
Acrocephalus palustris Slope 24 81 0.198 [0.085;0.314] 0.002*
Acrocephalus schoenobaenus Intercept 24 80 −0.365 [−0.784;0.028] 0.072
Acrocephalus schoenobaenus Slope 24 80 0.177 [0.076;0.281] 0.002*
Agelaius phoeniceus Intercept 24 84 −0.34 [−0.756;0.057] 0.093
Agelaius phoeniceus Slope 24 84 0.168 [0.065;0.272] 0.002*
Anthus spinoletta Intercept 24 84 −0.391 [−0.843;0.045] 0.074
Anthus spinoletta Slope 24 84 0.183 [0.075;0.292] 0.001*
Cardinalis cardinalis Intercept 24 85 −0.324 [−0.709;0.08] 0.094
Cardinalis cardinalis Slope 24 85 0.169 [0.073;0.266] 0.001*
Carpodacus mexicanus Intercept 24 84 −0.364 [−0.777;0.039] 0.072
Carpodacus mexicanus Slope 24 84 0.176 [0.076;0.277] 0.002*
Dendroica pensylvanica Intercept 24 84 −0.448 [−0.863;−0.017] 0.032
Dendroica pensylvanica Slope 24 84 0.196 [0.1;0.298] 0*
Emberiza schoeniclus Intercept 24 85 −0.31 [−0.698;0.06] 0.096
Emberiza schoeniclus Slope 24 85 0.165 [0.07;0.261] 0.001*
Ficedula albicollis Intercept 24 84 −0.306 [−0.699;0.072] 0.113
Ficedula albicollis Slope 24 84 0.169 [0.075;0.262] 0.002*
Ficedula hypoleuca Intercept 24 85 −0.38 [−0.814;0.036] 0.071
Ficedula hypoleuca Slope 24 85 0.177 [0.077;0.28] 0.001*
Hirundo rustica Intercept 24 84 −0.351 [−0.764;0.072] 0.089
Hirundo rustica Slope 24 84 0.174 [0.074;0.279] 0.001*
Luscinia megarhynchos Intercept 24 85 −0.362 [−0.805;0.053] 0.084
Luscinia megarhynchos Slope 24 85 0.176 [0.073;0.286] 0.002*
Melospiza melodia Intercept 24 72 −0.35 [−0.785;0.033] 0.083
Melospiza melodia Slope 24 72 0.168 [0.065;0.271] 0.002*
Mimus polyglottos Intercept 24 85 −0.322 [−0.714;0.1] 0.106
Mimus polyglottos Slope 24 85 0.163 [0.064;0.264] 0.002*
Parus caeruleus Intercept 24 84 −0.395 [−0.825;0.013] 0.061
Parus caeruleus Slope 24 84 0.184 [0.082;0.287] 0.001*
Parus major Intercept 24 81 −0.353 [−0.799;0.075] 0.106
Parus major Slope 24 81 0.175 [0.07;0.283] 0.002*
Phylloscopus fuscatus Intercept 24 85 −0.356 [−0.775;0.055] 0.081
Phylloscopus fuscatus Slope 24 85 0.175 [0.075;0.275] 0.001*
Phylloscopus trochilus Intercept 24 82 −0.344 [−0.761;0.059] 0.091
Phylloscopus trochilus Slope 24 82 0.169 [0.07;0.27] 0.002*
Plectrophenax nivalis Intercept 24 84 −0.33 [−0.749;0.072] 0.105
Plectrophenax nivalis Slope 24 84 0.168 [0.065;0.268] 0.002*
Sturnella neglecta Intercept 24 79 −0.371 [−0.802;0.037] 0.076
Sturnella neglecta Slope 24 79 0.179 [0.073;0.287] 0.002*
Sturnus vulgaris Intercept 24 80 −0.361 [−0.756;0.034] 0.064
Sturnus vulgaris Slope 24 80 0.172 [0.078;0.271] 0.001*
Sylvia communis Intercept 24 85 −0.357 [−0.79;0.049] 0.082
Sylvia communis Slope 24 85 0.175 [0.075;0.28] 0.001*
Wilsonia canadensis Intercept 24 84 −0.337 [−0.749;0.051] 0.093
Wilsonia canadensis Slope 24 84 0.172 [0.074;0.272] 0.002*
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Table A.3.4: Continuous species average syllable repertoire size model meta-analyses,
wherein 3 to 9 species with the largest average syllable repertoires were removed. Asterisks
(*) denote significant slopes.
# Removed Group #Species #Measure Post Mean 95% CredInt pMCMC
3 Intercept 21 78 −0.4 [−0.912;0.149] 0.13
3 Slope 21 78 0.189 [0.027;0.341] 0.024*
4 Intercept 20 71 −0.423 [−1.068;0.194] 0.17
4 Slope 20 71 0.196 [−0.002;0.387] 0.054
5 Intercept 19 65 −0.452 [−1.14;0.238] 0.172
5 Slope 19 65 0.204 [−0.008;0.428] 0.065
6 Intercept 18 64 −0.466 [−1.176;0.296] 0.188
6 Slope 18 64 0.21 [−0.021;0.446] 0.079
7 Intercept 17 58 −0.363 [−1.08;0.386] 0.301
7 Slope 17 58 0.167 [−0.079;0.408] 0.166
8 Intercept 16 56 −0.328 [−1.119;0.482] 0.377
8 Slope 16 56 0.152 [−0.119;0.425] 0.242
9 Intercept 15 42 −0.141 [−1.114;0.727] 0.742
9 Slope 15 42 0.077 [−0.25;0.394] 0.599
Table A.3.5: Continuous species average syllable repertoire size model meta-analyses,
wherein 3 to 9 species with the smallest average syllable repertoires were removed. Aster-
isks (*) denote significant slopes.
# Removed Group #Species #Measure Post Mean 95% CredInt pMCMC
3 Intercept 22 80 −0.412 [−0.901;0.075] 0.088
3 Slope 22 80 0.187 [0.071;0.314] 0.003*
4 Intercept 21 75 −0.446 [−0.985;0.131] 0.108
4 Slope 21 75 0.194 [0.056;0.326] 0.006*
5 Intercept 20 73 −0.592 [−1.155;0] 0.041
5 Slope 20 73 0.229 [0.09;0.365] 0.002*
6 Intercept 19 72 −0.493 [−1.079;0.076] 0.082
6 Slope 19 72 0.207 [0.071;0.342] 0.005*
7 Intercept 18 70 −0.416 [−1.022;0.174] 0.158
7 Slope 18 70 0.192 [0.055;0.332] 0.007*
8 Intercept 17 69 −0.323 [−0.914;0.269] 0.268
8 Slope 17 69 0.171 [0.028;0.311] 0.017*
9 Intercept 16 67 −0.261 [−0.921;0.359] 0.41
9 Slope 16 67 0.155 [0.004;0.307] 0.044*
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Table A.3.6: Continuous species average syllable repertoire size model meta-analysis when
the maximum or minimum values for syllable repertoire size reported in the literature were
used. Asterisks (*) denote significant slopes.
Min/Max Group #Species #Measure Post Mean 95% CredInt pMCMC
Max Intercept 25 86 −0.356 [−0.78;0.067] 0.09
Max Slope 25 86 0.165 [0.072;0.264] 0.001*
Min Intercept 25 86 −0.282 [−0.659;0.078] 0.128
Min Slope 25 86 0.166 [0.068;0.259] 0.002*
Table A.3.7: Continuous species average syllable repertoire size model meta-analysis in the
repertoire dataset with territory-controlled measurements. Asterisks (*) denote significant
slopes.
Group #Species #Measure Post Mean 95% CredInt pMCMC
Intercept 25 86 −0.356 [−0.753;0.056] 0.081
Slope 25 86 0.175 [0.075;0.272] 0.001*
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Species (Rep) [citation]
Anthus spinoletta (5.1) [14]
Anthus spinoletta (5.1) [14]
Parus caeruleus (6.5) [31]
Parus caeruleus (6.5) [31]
Plectrophenax nivalis (7.46) [40]
Plectrophenax nivalis (7.46) [40]
Parus major (7.9) [33]
Parus major (7.9) [33]
Parus major (7.9) [33]
Parus major (7.9) [33]
Parus major (7.9) [34]
Dendroica pensylvanica (10.75) [17]
Dendroica pensylvanica (10.75) [17]
Cardinalis cardinalis (14) [15]
Wilsonia canadensis (17.43) [48]
Wilsonia canadensis (17.43) [48]
Emberiza schoeniclus (18.15) [18]
Agelaius phoeniceus (18.5) [13]
Agelaius phoeniceus (18.5) [13]
Hirundo rustica (20.1) [22]
Hirundo rustica (20.1) [20]
Acrocephalus arundinaceus (22.5) [1]
Acrocephalus arundinaceus (22.5) [1]
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Figure A.3.2: Forest plot of the syllable repertoire dataset with territory-controlled measure-
ments. Columns shows the study reference, species studied, the number of birds used to generate
a measurement, the Fisher’s Z form of the estimate, and its 95% confidence intervals. Ticks in the
boxes mark the Fisher’s Z and black horizontal lines show the confidence interval. Grey, dashed
vertical line shows the population mean. The grey, dashed horizontal lines show the thresholds
used for subsequent analysis. When the same study is listed in more than one row on the plot,
multiple different metrics of reproductive success were obtained from that study. Results of the
Bayesian meta-analysis and BEST analysis for discrete species average syllable repertoire size are
in Tables A.2.1 and A.2.2 respectively, and meta-analysis results for continuous species average
syllable repertoire size are in Table A.3.7.
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Acrocephalus arundinaceus (22.5) [1]
Acrocephalus arundinaceus (22.5) [2]
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Figure A.3.3: Forest plot of the song stability dataset with territory-controlled measure-
ments. Columns shows the study reference, species studied, the number of birds used to gen-
erate a measurement, the Fisher’s Z form of the estimate, and its 95% confidence intervals. Blue
boxes mark measurements in the song-stable group, while red boxes mark measurements in the
song-plastic group. Ticks in the boxes mark the Fisher’s Z and black horizontal lines show the
confidence interval. The grey, dashed vertical line shows the population mean. When the same
study is listed in more than one row on the plot, multiple different metrics of reproductive success
were obtained from that study. Results of the Bayesian meta-analysis and BEST analysis are in
Tables A.3.11 and A.3.12 respectively.
Table A.3.8: Increasing repertoire size with age was not a better predictor of the correlation
between reproductive success and individual repertoire size than song stability. Performed in
the song stability dataset. Three species that were labeled as song plastic (Dendroica pensylvanica,
Mimus polyglottos, and Phylloscopus fuscatus) were put in the Not Increasing group based on
information available in the literature.
Group #Species #Measure Post Mean 95% CredInt pMCMC
Increasing 11 45 0.278 [−0.008;0.571] 0.056
Not Increasing 9 32 0.238 [−0.092;0.564] 0.14
Table A.3.9: Increasing repertoire with age BEST results in the song stability dataset. There
was a reasonable probability that there was no difference between species with repertoires that
increased with age and those whose repertoires do not. Three species that were labeled as song
plastic (Dendroica pensylvanica, Mimus polyglottos, and Phylloscopus fuscatus) were put in the
Not Increasing group based on information available in the literature.
BEST Mean 95% CredInt %<0
0.096 [−0.087;0.278] 15.6
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Table A.3.10: Switching the song stability category of most species did not significantly the
song stability results. Performed in the song stability dataset. Asterisks (*) denote significant
groups.
Switched Group #Species #Measure Post Mean 95% CredInt pMCMC
Acrocephalus arundinaceus Plastic 13 36 0.331 [0.036;0.633] 0.028*
Acrocephalus arundinaceus Stable 7 41 0.168 [−0.167;0.495] 0.286
Acrocephalus palustris Plastic 15 54 0.31 [0.034;0.594] 0.028*
Acrocephalus palustris Stable 5 23 0.149 [−0.226;0.511] 0.39
Acrocephalus schoenobaenus Plastic 13 43 0.305 [0.011;0.583] 0.035*
Acrocephalus schoenobaenus Stable 7 34 0.194 [−0.151;0.514] 0.233
Agelaius phoeniceus Plastic 13 47 0.332 [0.056;0.62] 0.021*
Agelaius phoeniceus Stable 7 30 0.13 [−0.223;0.471] 0.423
Cardinalis cardinalis Plastic 15 50 0.31 [0.034;0.594] 0.028*
Cardinalis cardinalis Stable 5 27 0.149 [−0.226;0.511] 0.39
Dendroica pensylvanica Plastic 13 47 0.305 [0.026;0.598] 0.034*
Dendroica pensylvanica Stable 7 30 0.182 [−0.174;0.509] 0.276
Emberiza schoeniclus Plastic 15 50 0.31 [0.034;0.594] 0.028*
Emberiza schoeniclus Stable 5 27 0.149 [−0.226;0.511] 0.39
Ficedula albicollis Plastic 13 47 0.35 [0.079;0.632] 0.016*
Ficedula albicollis Stable 7 30 0.092 [−0.248;0.428] 0.557
Ficedula hypoleuca Plastic 13 48 0.303 [0.027;0.588] 0.034*
Ficedula hypoleuca Stable 7 29 0.187 [−0.162;0.525] 0.255
Hirundo rustica Plastic 13 47 0.327 [0.058;0.62] 0.022*
Hirundo rustica Stable 7 30 0.137 [−0.207;0.485] 0.408
Luscinia megarhynchos Plastic 13 48 0.294 [0.023;0.577] 0.036*
Luscinia megarhynchos Stable 7 29 0.194 [−0.162;0.539] 0.252
Melospiza melodia Plastic 15 63 0.31 [0.034;0.594] 0.028*
Melospiza melodia Stable 5 14 0.149 [−0.226;0.511] 0.39
Mimus polyglottos Plastic 13 48 0.282 [0.01;0.57] 0.044*
Mimus polyglottos Stable 7 29 0.22 [−0.127;0.57] 0.194
Parus caeruleus Plastic 15 51 0.31 [0.034;0.594] 0.028*
Parus caeruleus Stable 5 26 0.149 [−0.226;0.511] 0.39
Parus major Plastic 15 54 0.31 [0.034;0.594] 0.028*
Parus major Stable 5 23 0.149 [−0.226;0.511] 0.39
Phylloscopus fuscatus Plastic 13 48 0.313 [0.036;0.594] 0.027*
Phylloscopus fuscatus Stable 7 29 0.148 [−0.216;0.505] 0.383
Phylloscopus trochilus Plastic 13 45 0.313 [0.033;0.606] 0.03*
Phylloscopus trochilus Stable 7 32 0.174 [−0.173;0.518] 0.293
Sturnella neglecta Plastic 13 42 0.298 [0.016;0.595] 0.038*
Sturnella neglecta Stable 7 35 0.2 [−0.146;0.547] 0.235
Sturnus vulgaris Plastic 13 43 0.287 [−0.005;0.568] 0.043*
Sturnus vulgaris Stable 7 34 0.211 [−0.148;0.556] 0.216
Sylvia communis Plastic 13 48 0.296 [0.021;0.579] 0.036*
Sylvia communis Stable 7 29 0.189 [−0.172;0.526] 0.269
Table A.3.11: The strength of the correlation between individual song elaboration and repro-
ductive success for song stability was separated from zero with weak significance. Performed
in the song stability dataset meta-analysis with territory-controlled measurements. Asterisks (*)
denote significant groups.
Group #Species #Measure Post Mean 95% CredInt pMCMC
Stable 14 49 0.144 [−0.201;0.487] 0.378
Plastic 6 28 0.279 [0.014;0.544] 0.036*
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Table A.3.12: Song-stable and song-plastic species did not form two significantly different
groups. Performed in the song stability dataset meta-analysis with territory-controlled measure-
ments.
BEST Mean 95% CredInt %<0
0.053 [−0.125;0.23] 28.6
Some of the metrics of reproductive success in this dataset are indicative of mate choice, such
as pairing date, and others are more indicative of reproductive output, such as number of offspring.
In a previous meta-analysis, Byers and Kroodsma18 specifically addressed mate choice and in-
dividual song elaboration. Thus, we wanted to test how these results would be affected if only
proxies of mate choice were analyzed, omitting proxies of reproductive output (number of off-
spring). This reduced the syllable repertoire dataset to 53 measurements, but all 25 species were
still represented. In this model, the posterior mean was not significantly separated from zero for the
correlation between individual song elaboration and success in becoming a social or genetic mate,
though it was trending in this direction with the largest threshold of 216 (Table A.3.13). Previous
analysis of the metrics of mating success had suggested that the metric for genetic mate choice
(extra-pair paternity) actually showed a negative relationship between individual male repertoire
size and reproductive success Table 2.2, which hints at the possibility that females choose social
mates and extra-pair mates based on different criteria. We ran an additional model that excluded
both measures related to number of offspring and extra-pair paternity, so that it only included
proxies of social mate choice. This reduced the dataset to 42 measurements in 19 species. For
this model, there was a trend towards a posterior mean separated from zero between individual
song elaboration and success in becoming a social mate when the threshold was set at 38 or 216
(Table A.3.14). Interestingly, for both the dataset with social and genetic mate metrics and the
dataset with social mate metrics only, the smaller repertoire size group had a smaller meta-analytic
mean for all three thresholds, and BEST analysis still predicted that it was highly likely that there
was a difference between the real means of the larger and smaller species average syllable reper-
toire size groups only when the threshold was set at 38 (Tables A.3.15 and A.3.16). While we did
not observe a significant correlation between song elaboration and mate choice, the trends in the
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BEST results leave open the possibility that, given a larger dataset, there would be a significant
association between song elaboration and social mate choice.
Table A.3.13: Relatively larger syllable repertoire size was not predictive of mating success.
Performed in the dataset without offspring measurements.
Threshold Group #Species #Measure Post Mean 95% CredInt pMCMC
<18.5 Smaller 6 7 0.071 [−0.524;0.635] 0.753
≥18.5 Larger 17 46 0.272 [−0.254;0.831] 0.195
<38 Smaller 13 21 0.078 [−0.49;0.657] 0.654
≥38 Larger 10 32 0.407 [−0.21;0.972] 0.104
<216 Smaller 19 47 0.18 [−0.401;0.803] 0.366
≥216 Larger 4 6 0.54 [−0.125;1.243] 0.087
Table A.3.14: Relatively larger species averge repertoire size was not predictive of social
mating success. Performed in the dataset without offspring or extra-pair paternity measurements.
Threshold Group #Species #Measure Post Mean 95% CredInt pMCMC
<18.5 Smaller 4 4 0.14 [−0.531;0.824] 0.536
≥18.5 Larger 15 38 0.355 [−0.195;0.971] 0.097
<38 Smaller 10 15 0.151 [−0.557;0.834] 0.35
≥38 Larger 9 27 0.522 [−0.171;1.221] 0.072
<216 Smaller 16 38 0.285 [−0.378;0.949] 0.148
≥216 Larger 3 4 0.605 [−0.146;1.389] 0.076
Table A.3.15: Larger and smaller species average syllable repertoire size groups have signif-
icantly different correlations between individual elaboration and mating success only at the
threshold of ≥ 38 syllables. BEST analysis performed in the no offspring dataset. Asterisks (*)
denotes the model with significantly different groups.
Threshold BEST Mean 95% CredInt %<0
18.50 0.293 [−0.083;0.669] 4.3*
38 0.322 [0.108;0.537] 0.2*
216 0.227 [−0.196;0.651] 11.9
Table A.3.16: Larger and smaller syllable repertoire size groups have significantly different
correlations between individual elaboration and social mating success only at the threshold
of≥ 38 syllables. BEST analysis performed in the dataset without offspring or extra-pair paternity
measurements. Asterisk (*) denotes the model with significantly different groups.
Threshold BEST Mean 95% CredInt %<0
18.50 0.287 [−0.307;0.881] 9.8
38 0.294 [0.071;0.518] 0.5*
216 0.174 [−0.567;0.915] 20.9
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APPENDIX B
Random effects meta-analysis
B.1 Random effects meta-analysis methods
Dataset formation for the traditional meta-analysis
I gathered data as described in the main text for the Bayesian meta-analysis (Chapter 2), but
this traditional style of meta-analysis could not accommodate multiple measurement types from
the same study. Therefore, we sorted the measurements into three categories depending on the
way reproductive success was measured as detailed below. In studies where r values were obtained
for multiple variables belonging to one category, only one of these measures was included in
the primary dataset, so that each study could contribute only one r value per category. In these
cases, measurements were chosen for each category in descending order of the number of available
measurements for each variable, setting the variable priority as follows:
Latency to Pairing Date: 1) latency to pairing date, 2) latency to laying date, and 3) latency
to hatching date (21 studies, 14 bird species).
Number of Offspring: 1) number of fledglings, 2) clutch size, and 3) recruits (16 studies, 9
bird species).
Number of Females: 1) number of females and 2) measurements of extra-pair paternity (17
studies, 13 bird species).
Traditional meta-analysis
With the dataset containing species for which we had information on 1) individual song elabo-
ration and reproductive success, 2) song stability stability, and 3) species average syllable repertoire
size estimates, we performed a meta-analyses using the R packages meta and metafor, which
uses Hedges and colleagues’ method123,282. Additionally, we used the information in Birds of
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North America (birdsna.org) and Handbook of Birds of the World (hbw.com) to classify the mi-
gratory status of each bird species as sedentary, migratory, or mixed. Species that contained both
sedentary and migratory individuals or populations (mixed) were labeled as migratory species in
the final analysis to dichotomize the data. The literature on the role of song elaboration in re-
productive success argues against the possibility that there is a common effect size across bird
species; therefore, a fixed effect model would be inappropriate for this dataset. Instead, and in ac-
cordance with Soma and Garamszegi19, we used a random-effects model, which would not assume
that there is a common effect size across species. We calculated heterogeneity using the restricted
maximum likelihood method (REML), as this has been suggested to be an appropriate method for
meta-analysis of both continuous and dichotomous data127,283. Six meta-analyses were performed,
two for each of the three dataset categories. In each of these analyses, the species were divided
into one of two sets of subpopulations: 1) species with larger or smaller average syllable repertoire
sizes with a threshold of 38 syllables or 2) song-stable and song-plastic species, as a proxy for the
length of the song-learning window. Because the datasets were tested twice to examine these two
subpopulation sets, we used a Bonferroni-corrected significance threshold (α=0.025).
Threshold testing
To determine the effect of the threshold value used to dichotomize species based on their av-
erage syllable repertoire size, we repeated the meta-analysis within each dataset category using
each species’ repertoire size as the threshold value in turn. The smallest repertoire threshold used
was the value at which at least two studies were present in the smaller repertoire subpopulation.
The largest threshold was the value at which there were at least two studies in the larger repertoire
subpopulation. For each threshold value, we calculated whether a smaller versus larger syllable
repertoire predicted an association between individual song elaboration and reproductive success.
We used the same Bonferroni-corrected significance threshold for this procedure as in the meta-
analyses (α=0.025).
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Controlling for phylogenetic relationships
These results could be confounded by phylogenetic relationships, since closely related species
can have related behaviors by chance, and thus may not represent independent samples. To control
for phylogenetic effects, we performed a phylogenetically-controlled ANOVA (phylANOVA) us-
ing R package phytools135. With a list of each species in a given dataset category, we extracted
a set of 1000 trees via the phylogeny subsets tool on birdtree.org134. We then created a consen-
sus tree in R using the mean edge length method via the consensus.edges function. Use
of a species-level phylogeny required each species to be present only once in a dataset category.
Therefore, we averaged the literature r values (the correlation between a given reproductive success
category and individual song elaboration) for each species that was represented by multiple studies
in a dataset category. Literature r values were plotted as a continuous trait. The phylANOVA
function was used to test for differences between song stability, species average syllable repertoire
size, and migratory status while controlling for phylogeny. A Bonferroni-corrected significance
threshold was used (α=0.017 for 3 ANOVAs).
Interacting variables
There could be be an interaction between species average syllable repertoire size and song
stability. To examine this possibility, we divided the data in the latency to pairing date and num-
ber of offspring categories by song stability and compared the average literature r values between
species with larger and smaller syllable repertoire sizes in song-stable versus song-plastic species
via a Welch’s two sample t-test. We repeated this process with the subpopulation variables re-
versed. Four t-tests were performed, so we used a Bonferroni-corrected significance threshold
(α=0.0125).
Jackknife analysis
I performed a jackknife analysis to determine whether the potential miscategorization of a
species’ song stability could influence these results. Jackknife testing was performed first by
changing the song stability grouping of one study at a time and repeating the meta-analysis to
241
examine whether this regrouping changed the significance of the results. However, there were
several cases where a single bird species was represented by multiple studies. Logically, if one
of these species’ song stability was miscategorized, this would change the grouping of all studies
about that species. Therefore, we ran a second jackknife, wherein regrouping was performed for
each bird species in turn. We used the same Bonferroni-corrected significance threshold for this
procedure as in the main meta-analyses (α=0.025).
B.2 Random effects meta-analysis results
Population-Level meta-analysis
To examine whether individual song elaboration was correlated with only some indicators of
reproductive success, we split the dataset into three categories: latency to pairing date (14 species,
21 studies), number of offspring (9 species, 16 studies), and number of females (13 species, 17
studies). We tested for a significant association between individual song elaboration and repro-
ductive success in each reproductive success category. The mean effect size for pairing date
was significant (r=0.37, I2=74.7%, τ2=0.1082, z=4.47, p<0.0001), as was the effect size for the
number of offspring (r=0.35, I2=74.6%, τ2=0.1024, z=3.99, p=0.0001). In contrast, number of
females did not have a significant effect size (r=0.12, I2=68.3%, τ2=0.0968, z=1.22, p=0.22).
However, the results of small, random-effects meta-analyses can be easily swayed by one
or a few studies that are weighted more heavily in the analysis due to large sample sizes151.
To examine whether any study in this analysis had this capability, we compared the range of
weights in each category (Wrange) to the weight value all studies would have if they were weighted
equally (Wequal). Wrange did not substantially ediviate from Wequal for any category (pair date:
Wequal=4.76, Wrange=[1.8; 6.3]; offspring: Wequal=6.25, Wrange=[3.6; 7.9]; females: Wequal=5.88,
Wrange=[2.6; 8.5]). Therefore, we concluded that the data would not be skewed by any individual
study due to large sample size. Furthermore, some of the studies reported the correlation be-
tween song elaboration and reproductive success before and after controlling for territory quality
in the individual birds studied. We repeated these meta-analyses using a secondary dataset that
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exchanged non-territory-controlled measures with territory-controlled measures (only possible for
three measures), which only marginally affected the results (pair date: r=0.34; offspring: r=0.36;
females: r=0.10).
These results showed that while the effect size for each bird species is assumed to be different,
the average effect size across the bird species in this study is small to moderate and negative for
latency to pairing date, small to moderate and positive for number of offspring, and there is no
correlation between repertoire size and the number of females a male acquires. Importantly, for la-
tency to pairing date a negative correlation indicates higher reproductive success (individuals with
greater song elaboration acquire mates faster), whereas for number of offspring a positive correla-
tion indicates higher reproductive success (individuals with greater song elaboration produce more
offspring). These results are consistent with previous studies: there is a weak correlation between
individual song elaboration and reproductive success across species. However, this overall weak
correlation may mask a phenomenon in which individual song elaboration is correlated with re-
productive success in some species, but not in others. Thus, we sought to discover whether aspects
of a species song behavior could be used divide the full set of species into subsets with different
patterns of sexual selection pressure on individual song elaboration. We propose two variables as
candidates for creating these subsets: species average syllable repertoire size and the duration of
song-learning (closed-ended vs. open-ended learning), as proxied by song stability (stable songs
vs. plastic songs).
Species average syllable repertoire size meta-analysis
Greater individual song elaboration may signal higher male intelligence, health, or fitness, de-
creased parasite load, increased access to resources, or other factors. Female preference for larger
repertoires could in turn create a selection pressure that increases the average syllable repertoire
size of the species over time. Therefore, we first split the full population into two subpopula-
tions based on each species’ average syllable repertoire size, using less than 38 syllables as the
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threshold for smaller syllable repertoires. Other possible thresholds were tested as explained be-
low (Figure B.2.3). We reran the meta-analysis on all three dataset categories, despite the fact that
on a full population level there was not a significant effect size for the correlation between individ-
ual song elaboration and the number of females attracted. There was a significant difference in the
effect sizes between species with larger versus smaller average syllable repertoires for pairing date
(Figure B.2.1A). While the average effect size for species with larger average syllable repertoires
was significant, the average effect size for species with smaller average syllable repertoires was
not (Figure B.2.1A). There was also a significant difference in the effect sizes between species
with larger versus smaller average syllable repertoires for number of offspring (Figure B.2.1C).
Once again, the effect size was only significant for species with larger average syllable repertoires
and not for species with smaller average syllable repertoires (Figure B.2.1C). There was no sig-
nificant difference between the effect sizes of species with larger versus smaller average syllable
repertoires for number of females (Figure B.2.1E). Using the territory-controlled dataset did not
significantly affect these results (Figure B.2.2A, C, and E).
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Species [Reference]
Full Population
Subpopulation Differences: Chi2 = 12.33, df = 1 (P = 0.0004)
Group = Smaller Syl Rep
Group = Larger Syl Rep 
Pooled (Smaller Syl Rep)
Pooled (Larger Syl Rep)
Parus caeruleus [31]
Parus major [33]
Agelaius phoeniceus [13]
Hirundo rustica [22]
Ficedula hypoleuca [21]
Ficedula albicollis [19]
Phylloscopus trochilus [38]
Phylloscopus trochilus [39]
Melospiza melodia [24]
Melospiza melodia [25]
Melospiza melodia [22]
Melospiza melodia [29]
Sturnus vulgaris [45]
Sturnus vulgaris [46]
Acrocephalus schoenobaenus [9]
Acrocephalus schoenobaenus [10]
Sturnella neglecta [43]
Mimus polyglottos [30]
Acrocephalus palustris [7]
Acrocephalus palustris [8]
Sylvia communis [47]
nBirds
630
289
341
 19
 32
 49
 16
 50
 53
 62
  8
 72
 21
 32
 56
 15
  6
 31
 10
 14
 18
 23
 31
 12
Weight
100.0%
40.9%
59.1%
4.5%
5.4%
6.0%
4.2%
6.0%
6.1%
6.2%
2.5%
6.3%
4.7%
5.4%
6.1%
4.1%
1.8%
5.4%
3.1%
3.9%
4.4%
4.9%
5.4%
3.5%
Corr [95% CI]
−0.37 [−0.51; −0.22]
−0.09 [−0.29;  0.13]
−0.51 [−0.61; −0.39]
−0.46 [−0.76; −0.01]
−0.08 [−0.42;  0.28]
0.17 [−0.12;  0.43]
−0.18 [−0.62;  0.35]
−0.30 [−0.53; −0.02]
0.33 [ 0.07;  0.55]
0.00 [−0.25;  0.25]
−0.69 [−0.94;  0.03]
−0.59 [−0.72; −0.41]
−0.12 [−0.53;  0.33]
−0.57 [−0.77; −0.28]
−0.30 [−0.52; −0.04]
−0.62 [−0.86; −0.17]
−0.89 [−0.99; −0.26]
−0.38 [−0.65; −0.04]
−0.87 [−0.97; −0.53]
−0.53 [−0.83;  0.00]
−0.74 [−0.90; −0.42]
−0.17 [−0.55;  0.26]
−0.53 [−0.74; −0.22]
−0.61 [−0.88; −0.05]
−1 0 1
correlation
Species [Reference]
Full Population
Subpopulation Differences: Chi2 = 0.02, df = 1 (P = 0.8971)
Group = Song−Stable 
Group = Song−Plastic
Pooled (Song−Stable)
Pooled (Song−Plastic)
Parus caeruleus [31]
Parus major [33]
Melospiza melodia [24]
Melospiza melodia [25]
Melospiza melodia [22]
Melospiza melodia [29]
Acrocephalus palustris [7]
Acrocephalus palustris [8]
Agelaius phoeniceus [13]
Hirundo rustica [22]
Ficedula hypoleuca [21]
Ficedula albicollis [19]
Phylloscopus trochilus [38]
Phylloscopus trochilus [39]
Sturnus vulgaris [45]
Sturnus vulgaris [46]
Acrocephalus schoenobaenus [9]
Acrocephalus schoenobaenus [10]
Sturnella neglecta [43]
Mimus polyglottos [30]
Sylvia communis [47]
nBirds
630
286
344
 19
 32
 72
 21
 32
 56
 23
 31
 49
 16
 50
 53
 62
  8
 15
  6
 31
 10
 14
 18
 12
Weight
100.0%
42.9%
57.1%
4.5%
5.4%
6.3%
4.7%
5.4%
6.1%
4.9%
5.4%
6.0%
4.2%
6.0%
6.1%
6.2%
2.5%
4.1%
1.8%
5.4%
3.1%
3.9%
4.4%
3.5%
Corr [95% CI]
−0.37 [−0.51; −0.22]
−0.39 [−0.53; −0.23]
−0.41 [−0.61; −0.15]
−0.46 [−0.76; −0.01]
−0.08 [−0.42;  0.28]
−0.59 [−0.72; −0.41]
−0.12 [−0.53;  0.33]
−0.57 [−0.77; −0.28]
−0.30 [−0.52; −0.04]
−0.17 [−0.55;  0.26]
−0.53 [−0.74; −0.22]
0.17 [−0.12;  0.43]
−0.18 [−0.62;  0.35]
−0.30 [−0.53; −0.02]
0.33 [ 0.07;  0.55]
0.00 [−0.25;  0.25]
−0.69 [−0.94;  0.03]
−0.62 [−0.86; −0.17]
−0.89 [−0.99; −0.26]
−0.38 [−0.65; −0.04]
−0.87 [−0.97; −0.53]
−0.53 [−0.83;  0.00]
−0.74 [−0.90; −0.42]
−0.61 [−0.88; −0.05]
−1 0 1
correlation
Species [Reference]
Full Population
Subpopulation Differences: Chi2 = 15.26, df = 1 (P < 0.0001)
Group = Smaller Syl Rep
Group = Larger Syl Rep 
Pooled (Smaller Syl Rep)
Pooled (Larger Syl Rep)
Parus caeruleus [31]
Parus major [33]
Parus major [34]
Cardinalis cardinalis [16]
Acrocephalus arundinaceus [1]
Acrocephalus arundinaceus [2]
Acrocephalus arundinaceus [3]
Acrocephalus arundinaceus [5]
Phylloscopus trochilus [38]
Melospiza melodia [26]
Melospiza melodia [22]
Melospiza melodia [29]
Sturnus vulgaris [46]
Sturnella neglecta [43]
Acrocephalus palustris [7]
Acrocephalus palustris [8]
nBirds
658
446
212
 19
 32
 81
 21
107
 37
 47
 77
 25
 16
 54
 64
 10
 14
 23
 31
Weight
100.0%
60.1%
39.9%
5.3%
6.4%
7.6%
5.6%
7.9%
6.7%
7.0%
7.6%
6.0%
4.9%
7.2%
7.4%
3.6%
4.6%
5.8%
6.4%
Corr [95% CI]
0.36 [ 0.19; 0.51]
0.16 [−0.05; 0.36]
0.59 [ 0.49; 0.67]
0.04 [−0.43; 0.48]
−0.12 [−0.45; 0.24]
0.28 [ 0.07; 0.47]
−0.36 [−0.69; 0.08]
0.36 [ 0.18; 0.51]
0.28 [−0.05; 0.55]
−0.21 [−0.47; 0.08]
0.25 [ 0.03; 0.45]
0.66 [ 0.37; 0.84]
0.71 [ 0.33; 0.89]
0.57 [ 0.36; 0.73]
0.57 [ 0.38; 0.72]
0.76 [ 0.25; 0.94]
0.55 [ 0.03; 0.84]
0.47 [ 0.08; 0.74]
0.62 [ 0.34; 0.80]
−1 0 1
correlation
Species [Reference]
Full Population
Subpopulation Differences: Chi2 = 0.00, df = 1 (P = 0.9548)
Group = Song−Stable 
Group = Song−Plastic
Pooled (Song−Stable)
Pooled (Song−Plastic)
Parus caeruleus [31]
Parus major [33]
Parus major [34]
Cardinalis cardinalis [16]
Melospiza melodia [26]
Melospiza melodia [22]
Melospiza melodia [29]
Acrocephalus palustris [7]
Acrocephalus palustris [8]
Acrocephalus arundinaceus [1]
Acrocephalus arundinaceus [2]
Acrocephalus arundinaceus [3]
Acrocephalus arundinaceus [5]
Phylloscopus trochilus [38]
Sturnus vulgaris [46]
Sturnella neglecta [43]
nBirds
658
341
317
 19
 32
 81
 21
 16
 54
 64
 23
 31
107
 37
 47
 77
 25
 10
 14
Weight
100.0%
56.7%
43.3%
5.3%
6.4%
7.6%
5.6%
4.9%
7.2%
7.4%
5.8%
6.4%
7.9%
6.7%
7.0%
7.6%
6.0%
3.6%
4.6%
Corr [95% CI]
0.36 [ 0.19; 0.51]
0.35 [ 0.10; 0.56]
0.36 [ 0.10; 0.57]
0.04 [−0.43; 0.48]
−0.12 [−0.45; 0.24]
0.28 [ 0.07; 0.47]
−0.36 [−0.69; 0.08]
0.71 [ 0.33; 0.89]
0.57 [ 0.36; 0.73]
0.57 [ 0.38; 0.72]
0.47 [ 0.08; 0.74]
0.62 [ 0.34; 0.80]
0.36 [ 0.18; 0.51]
0.28 [−0.05; 0.55]
−0.21 [−0.47; 0.08]
0.25 [ 0.03; 0.45]
0.66 [ 0.37; 0.84]
0.76 [ 0.25; 0.94]
0.55 [ 0.03; 0.84]
−1 0 1
correlation
Species [Reference]
Full Population
Subpopulation Differences: Chi2 = 0.16, df = 1 (P = 0.6915)
Group = Smaller Syl Rep
Group = Larger Syl Rep 
Pooled (Smaller Syl Rep)
Pooled (Larger Syl Rep)
Dendroica pensylvanica [17]
Emberiza schoeniclus [18]
Agelaius phoeniceus [13]
Hirundo rustica [20]
Phylloscopus fuscatus [35]
Acrocephalus arundinaceus [1]
Acrocephalus arundinaceus [2]
Acrocephalus arundinaceus [3]
Ficedula albicollis [20]
Melospiza melodia [28,20]
Sturnus vulgaris [46]
Acrocephalus schoenobaenus [11]
Acrocephalus schoenobaenus [12]
Sturnella neglecta [43]
Sturnella neglecta [44]
Acrocephalus palustris [8]
Luscinia megarhynchos [23]
nBirds
511
367
144
 36
 26
 49
 27
  7
107
 37
 62
 16
 28
 10
 19
 10
 14
 24
 31
  8
Weight
100.0%
59.2%
40.8%
7.1%
6.5%
7.6%
6.5%
2.6%
8.5%
7.2%
8.0%
5.2%
6.6%
3.8%
5.7%
3.8%
4.8%
6.3%
6.8%
3.0%
Corr [95% CI]
0.12 [−0.07;  0.29]
0.08 [−0.17;  0.32]
0.16 [−0.14;  0.44]
0.11 [−0.23;  0.42]
−0.57 [−0.78; −0.23]
0.40 [ 0.13;  0.61]
−0.15 [−0.50;  0.24]
−0.16 [−0.82;  0.67]
0.37 [ 0.19;  0.52]
0.49 [ 0.20;  0.70]
0.04 [−0.21;  0.29]
−0.16 [−0.60;  0.37]
0.12 [−0.26;  0.47]
0.70 [ 0.12;  0.92]
−0.30 [−0.67;  0.17]
−0.65 [−0.91; −0.03]
0.48 [−0.06;  0.81]
0.37 [−0.04;  0.67]
0.06 [−0.30;  0.40]
0.55 [−0.26;  0.90]
−1 0 1
correlation
Species  [Reference]
Full Population
Subpopulation Differences: Chi2 = 1.67, df = 1 (P = 0.1957)
Group = Song−Plastic
Group = Song−Stable 
Pooled (Song−Plastic)
Pooled (Song−Stable)
Dendroica pensylvanica [17]
Agelaius phoeniceus [13]
Hirundo rustica [20]
Phylloscopus fuscatus [35]
Acrocephalus arundinaceus [1]
Acrocephalus arundinaceus [2]
Acrocephalus arundinaceus [3]
Ficedula albicollis [20]
Sturnus vulgaris [46]
Acrocephalus schoenobaenus [11]
Acrocephalus schoenobaenus [12]
Sturnella neglecta [43]
Sturnella neglecta [44]
Luscinia megarhynchos [23]
Emberiza schoeniclus [18]
Melospiza melodia [28,20]
Acrocephalus palustris [8]
nBirds
511
426
 85
 36
 49
 27
  7
107
 37
 62
 16
 10
 19
 10
 14
 24
  8
 26
 28
 31
Weight
100.0%
80.1%
19.9%
7.1%
7.6%
6.5%
2.6%
8.5%
7.2%
8.0%
5.2%
3.8%
5.7%
3.8%
4.8%
6.3%
3.0%
6.5%
6.6%
6.8%
Corr [95% CI]
0.12 [−0.07;  0.29]
0.18 [ 0.00;  0.36]
−0.15 [−0.56;  0.31]
0.11 [−0.23;  0.42]
0.40 [ 0.13;  0.61]
−0.15 [−0.50;  0.24]
−0.16 [−0.82;  0.67]
0.37 [ 0.19;  0.52]
0.49 [ 0.20;  0.70]
0.04 [−0.21;  0.29]
−0.16 [−0.60;  0.37]
0.70 [ 0.12;  0.92]
−0.30 [−0.67;  0.17]
−0.65 [−0.91; −0.03]
0.48 [−0.06;  0.81]
0.37 [−0.04;  0.67]
0.55 [−0.26;  0.90]
−0.57 [−0.78; −0.23]
0.12 [−0.26;  0.47]
0.06 [−0.30;  0.40]
−1 0 1
correlation
A B
C D
E F
Latency to pair date
Number of offspring
Number of females
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Figure B.2.1: Large species average syllable repertoires are predictive of moderate to strong
correlations between individual song elaboration and reproductive success. Each panels
shows the forest plot for the correlation between individual song elaboration and reproductive
success with full model data present at the bottom of each analysis. The full population was
split in half based on species syllable repertoire size or song stability. When pairing date was
used as the metric for reproductive success (A-B), more negative correlations indicate higher
reproductive success. When number of offspring or number of females was used as the metric
for reproductive success (C-F), more positive correlations indicate higher reproductive success.
Because all datasets were tested twice, a Bonferroni-corrected significance threshold was used in
determining significance (α=0.025).
(A) There was a significant difference in effect size between species with smaller average
syllable repertoires and larger average syllable repertoires (Smaller: N=8, r=0.09, I2=64.9%,
τ2=0.0592, Larger: N=13, r=0.51, I2=41.9%, τ2=0.0262, χ2=23.33, p=0.0004). The effect
size was not significant for species with smaller average syllable repertoires (z=0.77, p=0.44).
The effect size was significant for species with larger average syllable repertoires (z=7.23,
p<0.0001).
(B) There was no significant difference in effect size between song-stable and song-plastic
species (Stable: N=8, r=0.41, I2=78.8%, τ2=0.1935, Plastic: N=13, r=0.39, I2=48.7%,
τ2=0.0303, χ2=0.02, p=0.89).
(C) There was a significant difference in effect size between species with smaller average
syllable repertoires and species with larger average syllable repertoires (Smaller: N=8, r=0.16,
I2=72.5%, τ2=0.0777, Larger: N=8, r=0.59, I2<0.1%, τ2<0.0001, χ2=15.26, p=0.0001. The
effect size was not significant for species with smaller average syllable repertoires (z=1.49,
p=0.14). The effect size was significant for species with larger average syllable repertoires
(z=9.29, p<0.0001).
(D) There was no significant difference in effect size between song-stable and song-plastic
species (Stable: N=9, r=0.36, I2=73.2%, τ2=0.0968, Plastic: N=7, r=0.35, I2=77.1%, τ2=0.1276,
χ2<0.01, p=0.95).
(E) There was no significant difference in effect size between species with smaller average
syllable repertoires and larger average syllable repertoires (Smaller: N=7, r=0.08, I2=75.9%,
τ2=0.1064, Larger: N=10, r=0.12, I2=59%, τ2=0.1167, χ2=0.16, p=0.69).
(F) There was no significant difference in effect size between song-stable and song-plastic
species (Stable: N=4, r=0.12, I2=60.6%, τ2=0.0685, Plastic: N=13, r=0.18, I2=77.1%,
τ2=0.1282, χ2=1.67, p=0.20).
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A B
C D
E F
Latency to pair date
Number of offspring
Number of females
Species
Full Population
Subpopulation Differences: Chi2 = 10.64, df = 1 (P = 0.0011)
Group = Smaller Syl Rep
Group = Larger Syl Rep 
Pooled (Smaller Syl Rep)
Pooled (Larger Syl Rep)
Parus caeruleus [31]
Parus major [33]
Agelaius phoeniceus [13]
Hirundo rustica [22]
Ficedula hypoleuca [21]
Ficedula albicollis [19]
Phylloscopus trochilus [38]
Phylloscopus trochilus [39]
Melospiza melodia [24]
Melospiza melodia [25]
Melospiza melodia [22]
Melospiza melodia [29]
Sturnus vulgaris [45]
Sturnus vulgaris [46]
Acrocephalus schoenobaenus [9]
Acrocephalus schoenobaenus [10]
Sturnella neglecta [43]
Mimus polyglottos [30]
Acrocephalus palustris [7]
Acrocephalus palustris [8]
Sylvia communis [47]
nBirds
630
289
341
 19
 32
 49
 16
 50
 53
 62
  8
 72
 21
 32
 56
 15
  6
 31
 10
 14
 18
 23
 31
 12
Weight
100.0%
41.2%
58.8%
4.5%
5.5%
6.1%
4.1%
6.1%
6.2%
6.4%
2.4%
6.5%
4.7%
5.5%
6.3%
4.0%
1.6%
5.4%
2.9%
3.8%
4.4%
4.9%
5.4%
3.4%
Corr [95% CI]
−0.34 [−0.48; −0.19]
−0.09 [−0.29;  0.13]
−0.48 [−0.58; −0.36]
−0.46 [−0.76; −0.01]
−0.08 [−0.42;  0.28]
0.17 [−0.12;  0.43]
−0.18 [−0.62;  0.35]
−0.30 [−0.53; −0.02]
0.33 [ 0.07;  0.55]
0.00 [−0.25;  0.25]
−0.69 [−0.94;  0.03]
−0.59 [−0.72; −0.41]
−0.12 [−0.53;  0.33]
−0.57 [−0.77; −0.28]
−0.30 [−0.52; −0.04]
−0.62 [−0.86; −0.17]
−0.89 [−0.99; −0.26]
−0.38 [−0.65; −0.04]
−0.87 [−0.97; −0.53]
−0.53 [−0.83;  0.00]
−0.30 [−0.67;  0.19]
−0.17 [−0.55;  0.26]
−0.53 [−0.74; −0.22]
−0.61 [−0.88; −0.05]
−1 0 1
correlation
Species
Full Population
Subpopulation Differences: Chi2 = 0.07, df = 1 (P = 0.7925)
Group = Song−Stable 
Group = Song−Plastic
Pooled (Song−Stable)
Pooled (Song−Plastic)
Parus caeruleus [31]
Parus major [33]
Melospiza melodia [24]
Melospiza melodia [25]
Melospiza melodia [22]
Melospiza melodia [29]
Acrocephalus palustris [7]
Acrocephalus palustris [8]
Agelaius phoeniceus [13]
Hirundo rustica [22]
Ficedula hypoleuca [21]
Ficedula albicollis [19]
Phylloscopus trochilus [38]
Phylloscopus trochilus [39]
Sturnus vulgaris [45]
Sturnus vulgaris [46]
Acrocephalus schoenobaenus [9]
Acrocephalus schoenobaenus [10]
Sturnella neglecta [43]
Mimus polyglottos [30]
Sylvia communis [47]
nBirds
630
286
344
 19
 32
 72
 21
 32
 56
 23
 31
 49
 16
 50
 53
 62
  8
 15
  6
 31
 10
 14
 18
 12
Weight
100.0%
43.2%
56.8%
4.5%
5.5%
6.5%
4.7%
5.5%
6.3%
4.9%
5.4%
6.1%
4.1%
6.1%
6.2%
6.4%
2.4%
4.0%
1.6%
5.4%
2.9%
3.8%
4.4%
3.4%
Corr [95% CI]
−0.34 [−0.48; −0.19]
−0.39 [−0.53; −0.23]
−0.35 [−0.56; −0.11]
−0.46 [−0.76; −0.01]
−0.08 [−0.42;  0.28]
−0.59 [−0.72; −0.41]
−0.12 [−0.53;  0.33]
−0.57 [−0.77; −0.28]
−0.30 [−0.52; −0.04]
−0.17 [−0.55;  0.26]
−0.53 [−0.74; −0.22]
0.17 [−0.12;  0.43]
−0.18 [−0.62;  0.35]
−0.30 [−0.53; −0.02]
0.33 [ 0.07;  0.55]
0.00 [−0.25;  0.25]
−0.69 [−0.94;  0.03]
−0.62 [−0.86; −0.17]
−0.89 [−0.99; −0.26]
−0.38 [−0.65; −0.04]
−0.87 [−0.97; −0.53]
−0.53 [−0.83;  0.00]
−0.30 [−0.67;  0.19]
−0.61 [−0.88; −0.05]
−1 0 1
correlation
Species
Full Population
Subpopulation Differences: Chi2 = 0.00, df = 1 (P = 0.9587)
Group = Song−Stable 
Group = Song−Plastic
Pooled (Song−Stable)
Pooled (Song−Plastic)
Parus caeruleus [31]
Parus major [33]
Parus major [34]
Cardinalis cardinalis [16]
Melospiza melodia [26]
Melospiza melodia [22]
Melospiza melodia [29]
Acrocephalus palustris [7]
Acrocephalus palustris [8]
Acrocephalus arundinaceus [1]
Acrocephalus arundinaceus [2]
Acrocephalus arundinaceus [5]
Phylloscopus trochilus [38]
Sturnus vulgaris [46]
Sturnella neglecta [43]
Acrocephalus arundinaceus [3]
nBirds
658
341
317
 19
 32
 81
 21
 16
 54
 64
 23
 31
107
 37
 77
 25
 10
 14
 47
Weight
100.0%
56.7%
43.3%
5.3%
6.4%
7.6%
5.6%
4.9%
7.2%
7.4%
5.8%
6.4%
7.9%
6.7%
7.6%
6.0%
3.6%
4.6%
7.0%
Corr [95% CI]
0.36 [ 0.19; 0.51]
0.35 [ 0.10; 0.56]
0.36 [ 0.10; 0.57]
0.04 [−0.43; 0.48]
−0.12 [−0.45; 0.24]
0.28 [ 0.07; 0.47]
−0.36 [−0.69; 0.08]
0.71 [ 0.33; 0.89]
0.57 [ 0.36; 0.73]
0.57 [ 0.38; 0.72]
0.47 [ 0.08; 0.74]
0.62 [ 0.34; 0.80]
0.36 [ 0.18; 0.51]
0.27 [−0.06; 0.55]
0.25 [ 0.03; 0.45]
0.66 [ 0.37; 0.84]
0.76 [ 0.25; 0.94]
0.55 [ 0.03; 0.84]
−0.21 [−0.47; 0.08]
−1 0 1
correlation
Species
Full Population
Subpopulation Differences: Chi2 = 15.32, df = 1 (P < 0.0001)
Group = Smaller Syl Rep
Group = Larger Syl Rep 
Pooled (Smaller Syl Rep)
Pooled (Larger Syl Rep)
Parus caeruleus [31]
Parus major [33]
Parus major [34]
Cardinalis cardinalis [16]
Acrocephalus arundinaceus [1]
Acrocephalus arundinaceus [2]
Acrocephalus arundinaceus [5]
Phylloscopus trochilus [38]
Acrocephalus arundinaceus [3]
Melospiza melodia [26]
Melospiza melodia [22]
Melospiza melodia [29]
Sturnus vulgaris [46]
Sturnella neglecta [43]
Acrocephalus palustris [7]
Acrocephalus palustris [8]
nBirds
658
446
212
 19
 32
 81
 21
107
 37
 77
 25
 47
 16
 54
 64
 10
 14
 23
 31
Weight
100.0%
60.1%
39.9%
5.3%
6.4%
7.6%
5.6%
7.9%
6.7%
7.6%
6.0%
7.0%
4.9%
7.2%
7.4%
3.6%
4.6%
5.8%
6.4%
Corr [95% CI]
0.36 [ 0.19; 0.51]
0.16 [−0.05; 0.36]
0.59 [ 0.49; 0.67]
0.04 [−0.43; 0.48]
−0.12 [−0.45; 0.24]
0.28 [ 0.07; 0.47]
−0.36 [−0.69; 0.08]
0.36 [ 0.18; 0.51]
0.27 [−0.06; 0.55]
0.25 [ 0.03; 0.45]
0.66 [ 0.37; 0.84]
−0.21 [−0.47; 0.08]
0.71 [ 0.33; 0.89]
0.57 [ 0.36; 0.73]
0.57 [ 0.38; 0.72]
0.76 [ 0.25; 0.94]
0.55 [ 0.03; 0.84]
0.47 [ 0.08; 0.74]
0.62 [ 0.34; 0.80]
−1 0 1
correlation
Species
Full Population
Subpopulation Differences: Chi2 = 1.52, df = 1 (P = 0.2170)
Group = Song−Plastic
Group = Song−Stable 
Pooled (Song−Plastic)
Pooled (Song−Stable)
Dendroica pensylvanica [17]
Agelaius phoeniceus [13]
Hirundo rustica [20]
Phylloscopus fuscatus [35]
Acrocephalus arundinaceus [1]
Acrocephalus arundinaceus [2]
Acrocephalus arundinaceus [3]
Ficedula albicollis [20]
Sturnus vulgaris [46]
Acrocephalus schoenobaenus [11]
Acrocephalus schoenobaenus [12]
Sturnella neglecta [43]
Sturnella neglecta [44]
Luscinia megarhynchos [23]
Emberiza schoeniclus [18]
Melospiza melodia [28,20]
Acrocephalus palustris [8]
nBirds
511
426
 85
 36
 49
 27
  7
107
 37
 62
 16
 10
 19
 10
 14
 24
  8
 26
 28
 31
Weight
100.0%
80.0%
20.0%
7.2%
7.8%
6.6%
2.4%
8.9%
7.3%
8.2%
5.1%
3.6%
5.6%
3.6%
4.7%
6.2%
2.9%
6.5%
6.6%
6.9%
Corr [95% CI]
0.10 [−0.08;  0.27]
0.17 [ 0.00;  0.33]
−0.15 [−0.56;  0.31]
0.11 [−0.23;  0.42]
0.40 [ 0.13;  0.61]
−0.15 [−0.50;  0.24]
−0.16 [−0.82;  0.67]
0.37 [ 0.19;  0.52]
0.28 [−0.04;  0.56]
0.04 [−0.21;  0.29]
−0.16 [−0.60;  0.37]
0.70 [ 0.12;  0.92]
−0.30 [−0.67;  0.17]
−0.65 [−0.91; −0.03]
0.48 [−0.06;  0.81]
0.37 [−0.04;  0.67]
0.55 [−0.26;  0.90]
−0.57 [−0.78; −0.23]
0.12 [−0.26;  0.47]
0.06 [−0.30;  0.40]
−1 0 1
correlation
Species
Full Population
Subpopulation Differences: Chi2 = 0.28, df = 1 (P = 0.5946)
Group = Smaller Syl Rep
Group = Larger Syl Rep 
Pooled (Smaller Syl Rep)
Pooled (Larger Syl Rep)
Dendroica pensylvanica [17]
Emberiza schoeniclus [18]
Agelaius phoeniceus [13]
Hirundo rustica [20]
Phylloscopus fuscatus [35]
Acrocephalus arundinaceus [1]
Acrocephalus arundinaceus [2]
Acrocephalus arundinaceus [3]
Ficedula albicollis [20]
Melospiza melodia [28,20]
Sturnus vulgaris [46]
Acrocephalus schoenobaenus [11]
Acrocephalus schoenobaenus [12]
Sturnella neglecta [43]
Sturnella neglecta [44]
Acrocephalus palustris [8]
Luscinia megarhynchos [23]
nBirds
511
367
144
 36
 26
 49
 27
  7
107
 37
 62
 16
 28
 10
 19
 10
 14
 24
 31
  8
Weight
100.0%
59.9%
40.1%
7.2%
6.5%
7.8%
6.6%
2.4%
8.9%
7.3%
8.2%
5.1%
6.6%
3.6%
5.6%
3.6%
4.7%
6.2%
6.9%
2.9%
Corr [95% CI]
0.10 [−0.08;  0.27]
0.06 [−0.17;  0.28]
0.16 [−0.14;  0.44]
0.11 [−0.23;  0.42]
−0.57 [−0.78; −0.23]
0.40 [ 0.13;  0.61]
−0.15 [−0.50;  0.24]
−0.16 [−0.82;  0.67]
0.37 [ 0.19;  0.52]
0.28 [−0.04;  0.56]
0.04 [−0.21;  0.29]
−0.16 [−0.60;  0.37]
0.12 [−0.26;  0.47]
0.70 [ 0.12;  0.92]
−0.30 [−0.67;  0.17]
−0.65 [−0.91; −0.03]
0.48 [−0.06;  0.81]
0.37 [−0.04;  0.67]
0.06 [−0.30;  0.40]
0.55 [−0.26;  0.90]
−1 0 1
correlation
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Figure B.2.2: Using territory-quality-controlled measurements did not significantly affect
any results. These meta-analyses were conducted identically to those explained in Figure B.2.1,
however three measurements were exchanged with territory-controlled counterparts. For latency
to pairing date, the full population had a significant effect size (N=21, r=−0.34, I2=72.5%,
τ2=0.092, z=−4.32, p<0.0001). For number of offspring, the full population had a significant
effect size (N=16, r=0.36, I2=74.6%, τ2=0.10, z=3.38, p<0.0001). For number of females, the
full population did not have a significant effect size (N=17, r=0.10, I2=65.4%, τ2=0.082, z=1.11,
p=0.27).
(A) There was a significant difference in effect size between species with smaller average
syllable repertoires and larger average syllable repertoires (Smaller: N=8, r=−0.09, I2=64.9%,
τ2=0.059, Larger: N=13, r=−0.48, I2<35.9%, τ2<0.0.17, χ2=10.64, p=0.0011). The effect size
was not significant for species with smaller average syllable repertoires (r=−0.09, z=−0.77,
p=0.44). The effect size was significant for species with larger average syllable repertoires
(r=−0.48, z=−7.23, p<0.0001)
(B) There was no significant difference in effect size between song-stable and song-plastic
species (Stable: N=8, r=−0.39, I2=48.7%, τ2=0.030, Plastic: N=13, r=−0.35, I2=74.9%,
τ2=0.16, χ2=0.07, p=0.79).
(C) There was a significant difference in effect size between species with smaller average
syllable repertoires and larger average syllable repertoires (Smaller: N=8, r=0.16, I2=72.5%,
τ2=0.078, Larger: N=8, r=0.59, I2<0.01%, τ2<0.01, χ2=15.32, p<0.0001). The effect size
was trending significant for species with smaller average syllable repertoires (r=0.16, z=2.03,
p=0.0443). The effect size was significant for species with larger average syllable repertoires
(r=0.59, z=9.29, p<0.0001).
(D) There was no significant difference in effect size between song-stable and song-plastic
species (Stable: N=9, r=0.35, I2=77.1%, τ2=0.13, Plastic: N=7, r=−0.35, I2=73.3%, τ2=0.10,
χ2<0.01, p=0.96).
(E) There was no significant difference in effect size between species with smaller average
syllable repertoires and larger average syllable repertoires (Smaller: N=9, r=0.06, I2=72.5%,
τ2=0.085, Larger: N=10, r=0.16, I2=59%, τ2=0.12, χ2=0.10, p=0.75).
(F) There was no significant difference in effect size between song-stable and song-plastic
species (Stable: N=13, r=0.17, I2=77.1%, τ2=0.14, Plastic: N=4, r=−0.15, I2=56.4%,
τ2=0.0505, χ2=1.38, p=0.24).
These results reveal that species average syllable repertoire size could potentially be used
as a metric to predict the importance of individual song elaboration in reproductive suc-
cess. The data predict that on average, species with larger syllable repertoire sizes will
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show significant correlations between individual song elaboration and reproductive success (pair
date95%ConInt=[−0.61;−0.39], offspring95%ConInt=[0.49;0.67]), while species with smaller average
syllable repertoires will not (pair date95%ConInt=[−0.29;0.13], offspring95%ConInt=[−0.05;0.36])
(Figure B.2.1A, C, and E). This is not to say that bird species with smaller repertoires would
never show a correlation between individual song elaboration and reproductive success, but rather
the data suggest that smaller average syllable repertoires are not predictive of such a correlation,
while larger syllable average repertoires are.
It cannot be ignored, however, that the selection of a species repertoire threshold at 38 syllables
might not be meaningful for the species in this study or species in general. Therefore, we reran the
meta-analysis for all three categories with a range of thresholds, and compiled the p-values. If we
had chosen a realistic threshold value, we would expect to see that repertoire threshold similar to
38 syllables would also lead to significant group differences, while those that were further away
from 38 syllables would not be significant, creating a U-shaped curve of p-values with a trough
near 38 syllables.
Indeed, this analysis revealed a U-shaped p-value pattern for latency to pairing date and number
of offspring (Figure B.2.3A and B). On the other hand, for number of females there had been no
significant difference between species with larger and smaller average syllable repertoires when
using a threshold of 38 syllables (ln(38) ≈ 3.6), and we did not expect any other threshold value
would lead to significant results. These expectations were confirmed; when the number of females
dataset category was used to test alternative threshold values, no threshold led to significant results
(Figure B.2.3C). The overall plot did not form a U-shaped distribution around 38 syllables, but
rather the points were scattered randomly. To determine whether the threshold values for the
latency to pairing date and number of offspring dataset categories were driven by the most positive
or most negative correlations in a given dataset category, we repeated the analysis with either the
two most positive or two most negative values omitted. These truncated category datasets created
a similar U-shaped pattern to the full category datasets, which were centered around 38 syllables
(Figure B.2.3D-G). Therefore, it is unlikely that the threshold was shifted one way or another by
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unusually strong or weak correlations. These data suggest that 38 syllables is near the implied, real
threshold value where a bird species has a large enough syllable repertoire that one can predict that
there will be a correlation between individual song elaboration and reproductive success.
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Figure B.2.3: Plots of p-values when different syllable repertoire sizes are used as the thresh-
old value. Insets show p-values<0.05 plotted on a log10 scale. In both the main plot and the
inset, the grey dotted line marks a significance threshold of 0.025, and the red dotted line marks
a significance threshold of 0.01. Numbers above points are the number of studies/measurements
present in the smaller average syllable repertoire group at that threshold value. Data were plotted
from the latency to pairing date (A, C, D), number of offspring (B, E, F), or number of females
(G) categories. (A, B, G) show the full dataset. Other panels show the p-values when two most
positive (C, E) or two most negative (D, F) correlations are removed from the datasets. The most
significant repertoire size thresholds are around 38 syllables for pairing date and number of off-
spring, even when the most positive or most negative correlations are removed (A-F). Number of
females instead shows a random scattering of non-significant p-values (G).
Song stability meta-analysis
I also tested whether length of the song-learning window could predict the strength of the
correlation between between individual song elaboration and reproductive success by using song
stability as a proxy. For open-ended learners, repertoire size can be an indicator of age, and open-
ended learning is correlated with larger species average repertoire sizes. Therefore, it is plausi-
ble that, in song-plastic species, individual song elaboration is more important for female choice
than in song-stable species. Therefore, we hypothesized that elaboration would correlate with re-
productive success more in species which show song plasticity in adulthood than in song-stable
species. To address this, we split the dataset into two groups based on song stability and reran
the meta-analysis for all three categories of reproductive success. There were no significant differ-
ences between song-plastic and song-stable species for any of the variables of reproductive success
(Figure B.2.1B, D, and F). These unexpected findings show that, in the species sampled here, song
stability was not a meaningful metric in predicting which bird would show strong correlations be-
tween individual song elaboration and reproductive success. Using the territory-controlled dataset
did not significantly affect these results (Figure B.2.2B, D, and F).
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Prediction intervals
This study was completed using a random-effects model; therefore, the population and sub-
population effect sizes, which are averages of the individual effect sizes in each species, are less
meaningful than the prediction intervals around these averages, wherein the individual effect sizes
of each constituent species would be expected to fall. For each category, the prediction interval for
the full set of studies is very wide, encompassing predictions of positive, zero, and negative correla-
tions. As expected, the prediction intervals for the song-plastic and song-stable subpopulations are
similar to one another and similar to the full population for all categories (Figure B.2.4A-C). For
number of females, the prediction intervals for the species with smaller and larger average syllable
repertoire subpopulations were similar to one another and to the full population (Figure B.2.44C).
In contrast, while the prediction intervals for the species with smaller average syllable repertoires
subpopulation are similar to the full population prediction intervals for both latency to pairing
date and number of offspring, the prediction intervals for the species with larger average syllable
repertoires subpopulation are tighter and indicate a stronger correlation between individual song
elaboration and reproductive success: a negative correlation for latency to pairing date and a pos-
itive correlation for number of offspring (Figure B.2.4A and B). Together, these data predict that
in any given species with a larger average syllable repertoire size, there will be a small to large cor-
relation between individual song elaboration and reproductive success when measured by latency
to pairing date or number of offspring produced. On the other hand, within the subpopulation of
birds with smaller syllable repertoire sizes, individual song elaboration does not reliably correlate
with these measures of reproductive success. However, it is important to note that prediction inter-
vals can be calculated to be erroneously small when datasets sets are small151; the real prediction
intervals for species with larger repertoires are likely wider than those presented here. It will be
interesting to see whether the relationships suggested by this analysis will be supported or refuted
as additional data becomes available.
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Figure B.2.4: Only the subpopulation with species that exhibit larger average syllable reper-
toire sizes show prediction intervals that are shorter than the full population prediction inter-
vals. (A-C) Lines show the prediction intervals for the full population, the song stability groups,
and species average syllable repertoire groups for each of the reproductive success categories. (A)
For latency to pairing date, all subpopulations display similar, wide prediction intervals to the full
population except the for the species with larger average syllable repertoires group. This subpopu-
lation comprises only the negative half of the correlation range (earlier pairing, higher reproductive
success). The expected correlations between individual song elaboration and reproductive success
for all members of this group ranges from small to larger (PredInt=[−0.17;−0.74]). (B) The same
pattern exists for number of offspring, where the prediction intervals for the species with larger
average syllable repertoires subpopulation is shorter than the full population. This subpopula-
tion comprises only the positive half of the population range (more offspring, higher reproductive
success), with the expected correlations between individual song elaboration and reproductive suc-
cess for all members of this group ranging from moderate to large (PredInt=[0.45;0.72]). (C) For
number of females, there were no meaningful differences between the full population and any
subpopulation.
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Jackknife analysis
It is possible that a longitudinal study of repertoire size changes in a limited number of birds
is not sufficient to accurately determine the whether a species generally modifies its adult song or
not, and thus we may have miscategorized a species’ song stability state. To account for this, we
performed two regrouping jackknife analyses. In one, we switched the song stability grouping for
each individual study in turn and reran the meta-analysis. In the other, we switched the grouping
for all studies examining a given species (represented by up to 3 studies in one category). The study
jackknife for latency to pairing date and number of offspring did bot yield any significant results
(Table B.2.1). For number of females, reclassification of two studies (Bucannon, and Catchpole
2000) [11] and (Marshal, Bucannon, and Catchpole 2007) [12] on Acrocephalus schoenobaenus
to song-stable led to significant differences between groups pre-Bonferroni correction, but not
post-Bonferroni correction (p=0.0432 and p=0.0419) (Table B.2.1). In the species jackknife, re-
grouping of any individual species did not consistently change these results. However, regrouping
of Acrocephalus arundinaceus to song-stable in the number of offspring dataset category led to
significant differences between groups (p=0.0101), and regrouping of A. schoenobaenus in the
number of females category led to significant difefrences between groups (p=0.006) Table B.2.2.
It should be noted that there is unambiguous information available for the two mentioned Acro-
cephalus species: for A. arundinaceus, 56 individual males were studied for up to 5 years, and
repertoires were found to change over time [1]. For A. schoenobaenus, 8 individuals followed
within a single season increased repertoire sharing with their neighbors over time, and 6 individu-
als followed for up to 4 years showed changes in syllable repertoire size across years with a trend
towards increasing repertoire sizes [40]. Furthermore, re-categorizing any single species did not
change the results in more than one indicator of reproductive success. This makes us confident that
these species were correctly grouped as song-plastic species. Together, these results suggest that
it is unlikely that incorrect categorization of any one species is responsible for the lack of signif-
icance in the original analysis of the song stability subpopulations. These data support the result
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that song stability by itself is likely not a metric that can be used to predict whether individual song
elaboration is correlated with reproductive success in a given bird species.
Table B.2.1: Possible miscategorization of song stability for one study would not change the
outcome of the meta-analyses. The Bonferroni-corrected significance threshold (α=0.025) from
the main meta-analyses was used to determine significance. The song stability state (song-plastic
or song-stable) associated with each study was individually switched, and the meta-analysis was
repeated to obtain a new p-value. Re-categorization of no individual study led to significant results.
Numbered references correspond to the list of supplemental references in Appendix A.1.
Latency to Pairing Date Number of Offspring Number of Females
Ref p-value Ref p-value Ref p-value
[7] 0.8501 [1] 0.9131 [1] 0.5131
[8] 0.7322 [2] 0.8169 [2] 0.6326
[9] 0.8598 [3] 0.4206 [3] 0.1404
[10] 0.5815 [5] 0.7702 [8] 0.2665
[13] 0.371 [7] 0.8405 [11] 0.0432
[19] 0.29 [8] 0.6052 [12] 0.0419
[21] 0.7554 [16] 0.4333 [13] 0.5192
[22] 0.7124 [26] 0.551 [17] 0.1937
[24] 0.5371 [22] 0.6536 [18] 0.8605
[25] 0.8175 [29] 0.6462 [20] 0.0815
[22] 0.6704 [31] 0.7352 [20] 0.0621
[29] 0.9372 [33] 0.5448 [28;20] 0.1902
[30] 0.6921 [34] 0.905 [23] 0.4287
[31] 0.8463 [38] 0.5588 [35] 0.1249
[33] 0.6814 [43] 0.8691 [43] 0.498
[38] 0.461 [46] 0.6462 [44] 0.4319
[39] 0.9317 [46] 0.7164
[43] 0.9857
[45] 0.9056
[46] 0.7962
[47] 0.9533
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Table B.2.2: Possible miscategorization of song stability for one species would not change
the outcome of the meta-analyses. The Bonferroni-corrected significance threshold (α=0.025)
from the main meta-analyses was used to determine significance. The song stability state of each
species was individually switched, and the meta-analysis was rerun to obtain a new p-values. Mis-
categorization of Acrocephalus arudinaceus (3 studies) would have led to significant results for
number of offspring (p=0.0101). Miscategorization of A. schoenobaenus (2 studies) would have
led to significant results for number of females (textitp=0.006). Asterisks (*) denote significant
differences between groups.
Latency to Pairing Date Number of Offspring Number of Females
Species p-value Species p-value Species p-value
Parus major 0.6814 Parus major 0.4444 Emberiza schoeniclus 0.8605
Agelaius phoeniceus 0.371 Cardinalis cardinalis 0.4333 Agelaius phoeniceus 0.5192
Hirundo rustica 0.7124 Acrocephalus arundinaceus 0.0101* Hirundo rustica 0.0621
Ficedula hypoleuca 0.7554 Phylloscopus trochilus 0.5588 Phylloscopus fuscatus 0.1249
Ficedula albicollis 0.29 Melospiza melodia 0.1454 Acrocephalus arundinaceus 0.8945
Phylloscopus trochilus 0.6088 Sturnus vulgaris 0.6462 Ficedula albicollis 0.0815
Melospiza melodia 0.5903 Sturnella neglecta 0.8691 Melospiza melodia 0.1902
Sturnus vulgaris 0.6022 Acrocephalus palustris 0.5115 Sturnus vulgaris 0.7164
Acrocephalus schoenobaenus 0.6363 Acrocephalus schoenobaenus 0.006*
Sturnella neglecta 0.9857 Sturnella neglecta 0.7491
Mimus polyglottos 0.6921 Acrocephalus palustris 0.5773
Acrocephalus palustris 0.8502 Luscinia megarhynchos 0.1957
Sylvia communis 0.8971
Possible interactions
In this dataset, both song-stable and song-plastic species could have either smaller or larger
average syllable repertoire sizes. Therefore, we wanted to examine whether there was an interac-
tion between these two variables. We divided the data in the latency to pairing date and number
of offspring dataset catagories by one of these subpopulations (e.g. song stability) and tested for
differences in the literature r values between the other subpopulation variable (species average
syllable repertoire size). Four Welch’s two sample t-tests were performed on these data, so we
used a Bonferroni-corrected significance threshold (α=0.0125). The only significant interaction
was revealed in latency to pairing date, where song-plastic species with larger species average
syllable repertoires were significantly different from song-plastic species with smaller species av-
erage syllable repertoires (Table B.2.3). There was also an interaction in number of offspring that
was trending significant, where song-stable species with larger species average syllable repertoires
were significantly different from song-stable species with smaller species average syllable reper-
toires (Table B.2.3). These data leave open the possibility that there is some interaction between
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song stability and species average syllable repertoire size that yields greater predictive power, but
larger sample sizes would be needed to make any definite conclusions.
Table B.2.3: Song stability may add some predictive value in combination with species aver-
age syllable repertoire size. Data from the latency to pairing date or number of offspring dataset
categories were stratified by either song stability or species syllable repertoire size. A Welch’s two
sample t-test was used to examine whether there were a differences between groups for the other
subpopulation variable. Because four t-tests were performed, a Bonferroni-corrected significance
threshold was used (α=0.0125). The degrees of freedom for latency to pairing date were 11, 6, 11,
and 6 in descending order. The degrees of freedom for number of offspring were 5, 7, 5, and 7 in
descending order. Asterisks (*) denote significant differences between groups.
Latency to Pairing Date Number of Offspring
Class Group N Mean t p-value Class Group N Mean t p-value
Plastic Large 7 −0.663 −3.37 0.012* Plastic Large 2 0.656 2.2 0.0874
Small 6 −0.11 Small 5 0.268
Stable Large 6 −0.3812 −0.583 0.63 Stable Large 5 0.5886 4.51 0.015
Small 2 −0.271 Small 4 −0.041
Large Plastic 7 −0.663 2.58 0.027 Large Plastic 2 0.6555 −0.06 0.64
Stable 6 −0.381 Stable 5 0.5886
Small Plastic 6 −0.271 −0.664 0.56 Small Plastic 5 0.268 −1.59 0.156
Stable 2 −0.11 Stable 4 −0.0412
Controlling for phylogenetic relationships
A phylogenetic ANOVA was used to examine whether these results remained significant after
accounting for phylogeny. Soma and Garamszegi19 had previously shown that controlling for phy-
logeny led to a poorer fit model when the data was restricted in this manner. However, their dataset
was not broken into three separate reproductive success categories. Interestingly, some research
suggests that migratory birds and subspecies have larger average syllable repertoires than their
sedentary counterparts. Therefore, we performed three phylogenetic ANOVAs on these datasets:
one for species syllable repertoire size, a second for song stability, and a third for migratory sta-
tus. For latency to pairing date, species average syllable repertoire size produced significantly
different subpopulations after correcting for phylogeny, while song stability and migratory status
did not (Figure B.2.5A). On the other hand, for number of offspring, migratory status did lead
to significantly different subpopulations, species syllable repertoire was trending significant post-
Bonferroni-correction, and song stability was not significant (Figure B.2.5B).
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Conclusions from these phylANOVAs need to be interpreted with caution, because the sample
sizes are small, but the data suggest that species with larger average syllable repertoires have larger
correlations between individual song elaboration and latency to pairing date than species with
smaller average syllable repertoires even after controlling for phylogenetic relatedness. The cor-
relations between individual song elaboration and number of offspring were significantly different
between species with larger and smaller average syllable repertoires after correcting for phylo-
genetic relatedness, but these differences did not remain significant after Bonferroni correction.
Studies in more species will be required to definitively answer this question.
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Figure B.2.5: Species average syllable repertoire size subpopulation differences persist after
controlling for phylogeny in a traditional meta-analysis. (AB) Trees show the phylogeny
between bird species and the continuous character map of the correlation between individual
song elaboration and either the latency to pairing date (A) or number of offspring (B). Triangles
represent syllable repertoire size, circles represent song stability, and squares represent migratory
status. Only for latency to pairing date (A), the correlations were multiplied by −1, so that redder
colors indicate greater reproductive success on both trees. A Bonferroni-corrected significance
threshold (α=0.017) was used for the following phylogenetic ANOVAs. The degrees of freedom
for each test are the number of species minus one.
(A) For latency to pairing date, there was a significant difference for the correlations be-
tween individual song elaboration and reproductive success for species with smaller and larger
average syllable repertoires after phylogenetic control (Meansmaller=0.123, Meanlarger=0.577,
p=0.0068). There was still no significant difference between song-stable and song-plastic
species after phylogenetic control (Meanplastic=0.322, Meanstable=0.358, p=0.88). There was
no significant difference between sedentary and migratory species after phylogenetic control
(Meansed=0.271, Meanmig=0.36, F=0.123, p=0.80).
(B) For number of offspring, there was no significant difference after Bonferroni-correction
for the correlations between individual song elaboration and reproductive success for species with
smaller and larger average syllable repertoires after phylogenetic control (Meansmaller=0.118,
Meanlarger=0.619, p=0.039). There was still no significant difference between song-stable and
song-plastic species after phylogentic control (Meanplastic=0.184, Meanstable=0.536, p=0.18).
There was a significant difference between sedentary and migratory species after phylogenetic
control (Meanmig=0.551, Meansed=0.082, p=0.007).
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APPENDIX C
Correlated evolution
C.1 Robustness testing
Reclassifying Melospiza lincolnii as labeled song-stable did not significantly affect our results
(Tables C.1.1 and C.1.2).
Table C.1.1: PhylANOVA results for all song traits when Melospiza lincolnii is labeled song-
stable. Song-Stable and Song-Plastic columns show means. Song traits are sorted from most to
least significant. Corrected α indicates the threshold for significance with the Holm-Bonferroni
correction. Asterisks (*) denote traits with significantly different groups.
Song Trait Song-Stable Song-Plastic F-Value Corrected α p-Value
Syllable Rep 1.9098 3.9792 41.1603 0.0071 <0.001*
Song Rep 1.094 4.0131 39.4823 0.0083 <0.001*
Syll\Song 1.2556 2.2962 9.2658 0.01 0.094
Duration 0.7736 1.2927 2.0783 0.0125 0.42
Continuity −1.3453 −1.0286 2.1537 0.0167 0.474
Interval 1.6075 1.218 1.3879 0.025 0.567
Song Rate 1.8969 2.0971 0.6079 0.05 0.713
Table C.1.2: Brownie results for song traits when Melospiza lincolnii is labeled Song-Stable.
Song traits are sorted from most to least significant. Asterisks (*) denote traits where the two-rate
model fit the data significantly better than the one-rate model.
Song Trait One Rate Two Rates p-Value
Syll\Song −110.6482 −100.7673 <0.001*
Interval −45.2842 −40.5004 0.002*
Duration −71.2042 −66.3122 0.002*
Song Rep −113.5829 −113.3919 0.537
Syllable Rep −120.2983 −120.1567 0.595
Using the minimum or maximum values did not change the PhylANOVA results for any song
trait when species were split into song-stable and song-plastic groups Table C.1.3, though when
the early song-stable, delayed-song stable, and song-plastic dataset was used, using the maximum
values for song repertoire led to non-significant results Tables C.1.4 and C.1.5. When species
were split into those with adult song plasticity and adult song stability, most Brownie analyses
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did not change Tables C.1.6 and C.1.7 However, it was originally suggested that syllables per
song was evolving significantly faster in song-plastic lineages when we used the median value,
but using the minimum values led to non-significant results Table C.1.6. When species were split
into three states (early song stability, delayed song stability, and song plasticity), we found that
the three-rate model was not better than the one-rate model when the minimum values for song
repertoire were used, while the three-rate models for syllable repertoire became significant when
either the maximum or the minimum values were used Table C.1.7.
Table C.1.3: PhylANOVA results for song traits when either the maximum or minimum re-
ported values are used and birds are divided into song-stable and song-plastic. Song traits are
sorted from most to least significant. Song-Stable and Song-Plastic columns show means. Cor-
rected α indicates the threshold for significance with the Holm-Bonferroni correction. Asterisks
(*) denote traits with significantly different groups.
Song Trait Song-Stable Song-Plastic F-Value Corrected α p-Value
Syllable Rep Min 1.8106 3.7433 39.2342 0.0071 <0.001*
Syllable Rep Max 1.9176 4.0608 41.99 0.0071 <0.001*
Song Rep Min 0.8721 3.3024 37.8962 0.0083 <0.001*
Song Rep Max 1.181 4.211 34.4445 0.0083 <0.001*
Syll\Song Max 1.2971 2.47 9.714 0.01 0.087
Syll\Song Min 1.1881 1.8088 5.6204 0.01 0.217
Duration Max 0.7895 1.3853 2.4515 0.0125 0.389
Interval Max 1.6908 1.2852 1.7593 0.025 0.512
Duration Min 0.7503 1.1234 1.3346 0.0125 0.54
Interval Min 1.4121 0.9398 0.8895 0.025 0.661
Table C.1.4: PhylANOVA results for song traits when either the maximum or minimum
reported values are used and birds are divided into early song-stable, delayed song-stable,
and song-plastic. Song traits are sorted from most to least significant. Early, Delayed, and
Plastic columns show means. Corrected α indicates the threshold for significance with the Holm-
Bonferroni correction. Asterisks (*) denote traits with significantly different groups.
Song Trait Early Delayed Plastic F-Value Corrected α p-Value
Syllable Rep Min 1.5451 1.9802 3.7433 16.317 0.0071 0.003*
Syllable Rep Max 1.697 2.0233 4.0608 17.209 0.0071 0.002*
Song Rep Min 0.5887 1.1625 3.3024 14.2085 0.0083 0.006*
Song Rep Max 0.7427 1.5669 4.211 13.059 0.0083 0.011
Syll\Song Min 1.1987 1.1694 1.8088 2.4789 0.01 0.398
Syll\Song Max 1.3186 1.3015 2.47 3.7714 0.01 0.243
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Table C.1.5: Post-hoc pairwise phylANOVA tests for significant song traits when either the
maximum or minimum reported values are used and birds are divided into early song-stable,
delayed song-stable, and song-plastic. Corrected α indicates the threshold for significance with
the Holm-Bonferroni correction. Asterisks (*) denote traits with significantly different groups.
Song Trait State 1 State 2 T-Value p-Value
Syllable Rep Min Plastic Delayed 4.6745 0.014*
Syllable Rep Min Early Plastic 4.6194 0.003*
Syllable Rep Min Early Delayed 0.8659 0.581
Syllable Rep Max Plastic Delayed 4.9639 0.01*
Syllable Rep Max Early Plastic 4.5646 0.003*
Syllable Rep Max Early Delayed 0.5967 0.697
Song Rep Min Plastic Delayed 4.3491 0.022*
Song Rep Min Early Plastic 4.4142 0.012*
Song Rep Min Early Delayed 0.8988 0.614
Table C.1.6: Brownie results for song traits when either the maximum or minimum re-
ported values are used and birds are divided into song-stable and song-plastic. Song traits are
sorted from most to least significant. Asterisks (*) denote traits where the two-rate model fit the
data significantly better than the one-rate model.
Song Trait One Rate Two Rates p-Value
Interval Max −43.8289 −38.1264 <0.001*
Duration Max −74.1132 −68.1884 <0.001*
Syll\Song Max −119.0363 −105.4808 <0.001*
Duration Min −65.7687 −62.6047 0.012*
Interval Min −58.6807 −56.4811 0.036*
Syll\Song Min −88.5573 −87.264 0.108
Song Rep Max −120.3993 −119.6825 0.231
Syllable Rep Max −125.0196 −124.3595 0.251
Song Rep Min −100.8545 −100.5988 0.475
Syllable Rep Min −118.6497 −118.4524 0.53
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Table C.1.7: Brownie results for song traits when either the maximum or minimum re-
ported values are used and birds are divided into early song-stable, delayed song-stable, and
song-plastic. Song traits are sorted from most to least significant. Asterisks (*) denote traits where
the three-rate model fit the data significantly better than the one-rate model.
Song Trait One Rate Three Rates p-Value
Syll\Song Max −105.7229 −91.4766 <0.001*
Song Rep Max −107.1249 −103.2302 0.005*
Syll\Song Min −75.3007 −72.5126 0.018*
Syllable Rep Min −106.2125 −104.0387 0.037*
Syllable Rep Max −111.8435 −109.7931 0.043*
Song Rep Min −88.7243 −86.9529 0.06
Exclusion of individual families did not significantly alter any of the phylANOVA results
(Tables C.1.8 to C.1.13). In general, exclusion of individual families did not affect the Brownie
results (Tables C.1.14 to C.1.19) or the BayesTraits results (see Figure 6 - figure supplement
8-9 and Figure 7 - figure supplement 1 from Robinson, Snyder, and Creanza 201970). However,
there were several notable exceptions. In several cases, removing a single family altered the sig-
nificance of our findings. Removal of the Muscicapidae (3 species) from the Brownie analysis
of inter-song interval created a two-rate model that did not fit the data significantly better than
the one-rate model (Table C.1.15). For song duration, removal of Fringillidae (3 species) led a
two-rate model that was not significantly better fit than the one-rate model (Table C.1.16).
Table C.1.8: PhylANOVA results for syllable repertoire when each bird family is omitted.
Song traits are sorted from most to least significant. Song-Stable and Song-Plastic columns show
means. Corrected α indicates the threshold for significance with the Holm-Bonferroni correction.
Asterisks (*) denote significantly different groups.
Removed Family Song-Stable Song-Plastic F-Value Corrected α p-Value
Acrocephalidae 1.8266 4.0232 47.6941 0.0071 <0.001*
Icteridae 1.8195 3.9652 40.9489 0.0071 <0.001*
Mimidae 1.8807 3.5707 32.426 0.0071 <0.001*
Muscicapidae 1.888 3.8686 36.7766 0.0071 <0.001*
Parulidae 1.8817 4.099 46.2305 0.0071 <0.001*
Passerellidae 1.9468 3.9792 32.4733 0.0071 <0.001*
Fringillidae 1.8177 3.9474 37.5394 0.0071 0.003*
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Table C.1.9: PhylANOVA results for interval when each bird family is omitted. Song traits
are sorted from most to least significant. Song-Stable and Song-Plastic columns show means. Cor-
rected α indicates the threshold for significance with the Holm-Bonferroni correction. Asterisks
(*) denote significantly different groups.
Removed Family Song-Stable Song-Plastic F-Value Corrected α p-Value
Muscicapidae 1.6075 1.0449 2.6556 0.025 0.326
Acrocephalidae 1.8406 1.3251 3.0278 0.025 0.404
Icteridae 1.6075 1.0659 2.5898 0.025 0.479
Parulidae 1.5815 1.1387 1.4568 0.025 0.595
Fringillidae 1.5821 1.218 1.1582 0.025 0.628
Passerellidae 1.4435 1.218 0.3135 0.025 0.725
Mimidae 1.6075 1.6071 0 0.025 1
Table C.1.10: PhylANOVA results for duration when each bird family is omitted. Song traits
are sorted from most to least significant. Song-Stable and Song-Plastic columns show means. Cor-
rected α indicates the threshold for significance with the Holm-Bonferroni correction. Asterisks
(*) denote significantly different groups.
Removed Family Song-Stable Song-Plastic F-Value Corrected α p-Value
Mimidae 0.7736 1.5596 4.8068 0.0125 0.155
Muscicapidae 0.7736 1.3495 2.183 0.0125 0.354
Passerellidae 0.8056 1.2927 1.1871 0.0125 0.403
Acrocephalidae 0.62 1.1605 2.3871 0.0125 0.409
Parulidae 0.7993 1.4276 2.6748 0.0125 0.421
Icteridae 0.7736 1.3928 2.7298 0.0125 0.435
Fringillidae 0.7747 0.9735 0.4281 0.0125 0.784
Table C.1.11: PhylANOVA results for syllables per song when each bird family is omitted.
Song traits are sorted from most to least significant. Song-Stable and Song-Plastic columns show
means. Corrected α indicates the threshold for significance with the Holm-Bonferroni correction.
Asterisks (*) denote significantly different groups.
Removed Family Song-Stable Song-Plastic F-Value Corrected α p-Value
Muscicapidae 1.2556 2.342 8.7962 0.01 0.086
Acrocephalidae 1.1915 2.3503 11.5839 0.01 0.091
Parulidae 1.2432 2.4329 10.9929 0.01 0.095
Passerellidae 1.3391 2.2962 5.8932 0.01 0.1
Fringillidae 1.2335 2.3554 9.4058 0.01 0.119
Icteridae 1.2556 2.3636 9.7574 0.01 0.13
Mimidae 1.2556 1.792 4.3591 0.01 0.222
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Table C.1.12: PhylANOVA results for song rate when each bird family is omitted. Song traits
are sorted from most to least significant. Song-Stable and Song-Plastic columns show means. Cor-
rected α indicates the threshold for significance with the Holm-Bonferroni correction. Asterisks
(*) denote significantly different groups.
Removed Family Song-Stable Song-Plastic F-Value Corrected α p-Value
Muscicapidae 1.8969 2.1768 1.0364 0.05 0.564
Mimidae 1.8969 1.7406 0.7394 0.05 0.608
Passerellidae 1.8818 2.0971 0.4666 0.05 0.669
Icteridae 1.8969 2.1642 0.9848 0.05 0.67
Acrocephalidae 1.9649 2.1804 0.7139 0.05 0.688
Fringillidae 1.9034 2.0971 0.5401 0.05 0.748
Parulidae 1.8829 2.0942 0.5365 0.05 0.76
Table C.1.13: PhylANOVA results for song repertoire when each bird family is omitted. Song
traits are sorted from most to least significant. Song-Stable and Song-Plastic columns show means.
Corrected α indicates the threshold for significance with the Holm-Bonferroni correction. Aster-
isks (*) denote traits different groups.
Removed Family Song-Stable Song-Plastic F-Value Corrected α p-Value
Acrocephalidae 1.033 3.722 31.0779 0.0083 <0.001*
Fringillidae 1.0383 3.7006 29.3831 0.0083 <0.001*
Mimidae 1.1055 3.3384 22.2449 0.0083 <0.001*
Muscicapidae 1.1055 3.6384 26.0734 0.0083 <0.001*
Passerellidae 1.218 4.0131 26.4254 0.0083 <0.001*
Icteridae 0.9628 4.0616 43.9031 0.0083 0.002*
Parulidae 1.0972 4.0946 37.4843 0.0083 0.002*
Table C.1.14: Brownie results for syllable repertoire when each bird family is omitted. Song
traits are sorted from most to least significant. Asterisks (*) denote cases where the two-rate model
fit the data significantly better than the one-rate model.
Removed Family One Rate Two Rates p-Value
Passerellidae −99.3059 −97.9546 0.1
Acrocephalidae −109.715 −109.2164 0.318
Mimidae −111.7997 −111.489 0.43
Fringillidae −110.9574 −110.7158 0.487
Icteridae −113.4483 −113.2436 0.522
Parulidae −115.6046 −115.401 0.523
Muscicapidae −111.2268 −111.0404 0.542
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Table C.1.15: Brownie results for interval when each bird family is omitted. Song traits are
Song traits are sorted from most to least significant. Asterisks (*) denote cases where the two-rate
model fit the data significantly better than the one-rate model.
Removed Family One Rate Two Rates p-Value
Acrocephalidae −38.372 −31.0345 <0.001*
Icteridae −43.5138 −38.6556 0.002*
Fringillidae −44.2357 −39.9282 0.003*
Parulidae −43.2215 −39.0435 0.004*
Mimidae −37.7323 −34.1732 0.008*
Passerellidae −40.7556 −37.7238 0.014*
Muscicapidae −35.1535 −33.3576 0.058
Table C.1.16: Brownie results for duration when each bird family is omitted. Song traits are
Song traits are sorted from most to least significant. Asterisks (*) denote cases where the two-rate
model fit the data significantly better than the one-rate model.
Removed Family One Rate Two Rates p-Value
Acrocephalidae −63.9978 −57.4808 <0.001*
Muscicapidae −68.4218 −62.5466 <0.001*
Icteridae −69.2203 −64.2909 0.002*
Parulidae −67.9632 −63.404 0.003*
Mimidae −64.2702 −60.1031 0.004*
Passerellidae −63.0661 −60.5806 0.026*
Fringillidae −53.9545 −52.6407 0.105
Table C.1.17: Brownie results for syllables per song when each bird family is omitted. Song
traits are Song traits are sorted from most to least significant. Asterisks (*) denote cases where the
two-rate model fit the data significantly better than the one-rate model.
Removed Family One Rate Two Rates p-Value
Acrocephalidae −102.1934 −89.5897 <0.001*
Fringillidae −103.9832 −94.7314 <0.001*
Icteridae −107.6333 −97.659 <0.001*
Muscicapidae −106.7467 −95.6359 <0.001*
Parulidae −105.5031 −96.1153 <0.001*
Passerellidae −96.8595 −88.2423 <0.001*
Mimidae −71.5741 −70.2893 0.109
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Table C.1.18: Brownie results for song rate when each bird family is omitted. Song traits are
Song traits are sorted from most to least significant. Asterisks (*) denote cases where the two-rate
model fit the data significantly better than the one-rate model.
Removed Family One Rate Two Rates p-Value
Acrocephalidae −36.7513 −28.3824 <0.001*
Icteridae −41.9163 −36.9836 0.002*
Fringillidae −42.4949 −38.1179 0.003*
Parulidae −41.5382 −37.2602 0.003*
Muscicapidae −35.7804 −32.5759 0.011*
Passerellidae −39.2489 −36.1562 0.013*
Mimidae −33.6912 −30.9239 0.019*
Table C.1.19: Brownie results for song repertoire when each bird family is omitted. Song
traits are Song traits are sorted from most to least significant. Asterisks (*) denote cases where the
two-rate model fit the data significantly better than the one-rate model.
Removed Family One Rate Two Rates p-Value
Icteridae −104.254 −103.5109 0.223
Mimidae −106.4131 −106.0144 0.372
Fringillidae −100.0817 −99.7318 0.403
Acrocephalidae −103.331 −103.0443 0.449
Parulidae −107.5562 −107.3195 0.491
Muscicapidae −106.4831 −106.2634 0.507
Passerellidae −97.4923 −97.3567 0.602
At low threshold values of syllables per song, song-plasticity with low syllables per song is
an unstable state, with high rates of transition towards either higher syllables per song or towards
song stability (77% of runs significant in this range); however, when mimid species are removed,
gaining more syllables per song in the song-plastic state becomes far more likely. At moderate
values of syllables per song, there are elevated rates of transition both towards more syllables
per song and towards fewer syllables per song in song-plastic species (100% of runs significant
in this range); there is a comparable trend when mimid species are removed. At high threshold
values, more syllables per song with song-stability is an unstable state (63% of runs significant
in this range)(see Figure 6 - figure supplement 2 from Robinson, Snyder, and Creanza 201970);
however, with mimids removed, more syllables per song with song plasticity becomes the most
unstable state (see Figure 6 - figure supplement 9 from Robinson, Snyder, and Creanza 201970).
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Due to the strong effect that the inclusion of Mimidae had on the Brownie analysis of syllables
per song, we performed a second jackknife analysis, in which each of the four mimid species was
removed in turn. Exclusion of Toxostoma rufum or Dumetella carolinensis had little effect on the
results (Table C.1.20), leading to significant support for the two-rate model. However, exclusion of
Mimus polyglottos (p=0.074) or of Mimus gilvus (p=0.509) led to a two-rate model that did not fit
the data significantly better than the one-rate model (Table C.1.20). Therefore, we concluded that
the two Mimus species drove the estimated evolutionary rate of syllables per song in song-plastic
species to be much greater than in song-stable species, and that faster evolution for syllables per
song may not necessarily be a universal trend for song-plastic species.
Members of Mimidae are renowned for their vocal mimicry, frequently exhibiting improvisa-
tion and invention of syllables beyond simple imitation, and thus they lack the generally stereo-
typed song structure shown in other oscine families. Furthermore, mimids often have periods of
continuous singing with minimal repetition of elements and irregular syllable spacing. Thus, quan-
tification of song duration or number of syllables per song for mimids could be highly susceptible
to listener perception196. Therefore, though we acknowledge that mimids are an important case
study in extended learning durations, our results for the evolutionary rate of syllables per song
might be more meaningful across all bird species when mimids are excluded, in which case we
find the rate of evolution of syllables per song is be independent of adult song plasticity.
Table C.1.20: Brownie results for syllables per song when each mimid sepcies is omitted.
Song traits are Song traits are sorted from most to least significant. Asterisks (*) denote cases
where the two-rate model fit the data significantly better than the one-rate model.
Removed Mimid One Rate Two Rates p-Value
Toxostoma rufum −108.0309 −98.3481 <0.001*
Dumetella carolinensis −108.1329 −98.3281 <0.001*
Mimus polyglottos −89.0035 −87.4045 0.074
Mimus gilvus −82.2923 −82.0747 0.509
270
APPENDIX D
Quantifying dialect establishment and maintenance
D.1 Maintenance
Table D.1.1: Dialects are maintained when there is vertical learning and either high nest site
fidelity or local tutor choice. Par # is the parameter number (for figure references). MDial is
whether males began the simulation with a song identical to their resident female’s song (Same)
or with a uniquely generated song made from syllables belonging to their region’s dialect (Simi-
lar). Breed is whether chicks where sired by local fathers (high nest site fidelity) or fathers from
anywhere in the matrix (no nest site fidelity). Tutor is whether tutors were chosen from a local
(TRUE) or global (FALSE) pool of males. Vertical is whether chicks engaged in vertical learning
from their fathers. Uniform is whether all females had the same region dialect template (TRUE) or
variants of that template (”Noisy Templates”, FALSE). Dialects is the number of female regional
dialects. Center is a measurement of the template-matching accuracy in the middle of regional
dialect 1. Edge is a measurement of the template-matching accuracy on the boundary between
regional dialects 1 and the dialect to its right.
Par # MDial Breed Tutor Vertical Uniform Dialects Center Edge
1 Same TRUE TRUE TRUE TRUE 1 0.583 0.570
2 Same TRUE TRUE TRUE FALSE 1 0.549 0.497
3 Same TRUE TRUE FALSE TRUE 1 0.488 0.428
4 Same TRUE TRUE FALSE FALSE 1 0.467 0.430
5 Same TRUE FALSE TRUE TRUE 1 0.748 0.775
6 Same TRUE FALSE TRUE FALSE 1 0.682 0.676
7 Same TRUE FALSE FALSE TRUE 1 0.560 0.604
8 Same TRUE FALSE FALSE FALSE 1 0.485 0.513
9 Same FALSE TRUE TRUE TRUE 1 0.691 0.722
10 Same FALSE TRUE TRUE FALSE 1 0.622 0.608
11 Same FALSE TRUE FALSE TRUE 1 0.563 0.595
12 Same FALSE TRUE FALSE FALSE 1 0.461 0.461
13 Same FALSE FALSE TRUE TRUE 1 0.844 0.822
14 Same FALSE FALSE TRUE FALSE 1 0.720 0.755
15 Same FALSE FALSE FALSE TRUE 1 0.564 0.573
16 Same FALSE FALSE FALSE FALSE 1 0.467 0.487
17 Similar TRUE TRUE TRUE TRUE 1 0.537 0.560
18 Similar TRUE TRUE TRUE FALSE 1 0.498 0.498
19 Similar TRUE TRUE FALSE TRUE 1 0.414 0.476
20 Similar TRUE TRUE FALSE FALSE 1 0.518 0.502
21 Similar TRUE FALSE TRUE TRUE 1 0.709 0.695
22 Similar TRUE FALSE TRUE FALSE 1 0.676 0.680
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23 Similar TRUE FALSE FALSE TRUE 1 0.487 0.511
24 Similar TRUE FALSE FALSE FALSE 1 0.495 0.479
25 Similar FALSE TRUE TRUE TRUE 1 0.692 0.710
26 Similar FALSE TRUE TRUE FALSE 1 0.647 0.629
27 Similar FALSE TRUE FALSE TRUE 1 0.542 0.528
28 Similar FALSE TRUE FALSE FALSE 1 0.549 0.451
29 Similar FALSE FALSE TRUE TRUE 1 0.792 0.779
30 Similar FALSE FALSE TRUE FALSE 1 0.729 0.740
31 Similar FALSE FALSE FALSE TRUE 1 0.461 0.438
32 Similar FALSE FALSE FALSE FALSE 1 0.460 0.474
33 Same TRUE TRUE TRUE TRUE 2 0.534 0.338
34 Same TRUE TRUE TRUE FALSE 2 0.498 0.309
35 Same TRUE TRUE FALSE TRUE 2 0.232 0.292
36 Same TRUE TRUE FALSE FALSE 2 0.199 0.204
37 Same TRUE FALSE TRUE TRUE 2 0.396 0.359
38 Same TRUE FALSE TRUE FALSE 2 0.322 0.311
39 Same TRUE FALSE FALSE TRUE 2 0.287 0.257
40 Same TRUE FALSE FALSE FALSE 2 0.239 0.260
41 Same FALSE TRUE TRUE TRUE 2 0.359 0.381
42 Same FALSE TRUE TRUE FALSE 2 0.278 0.297
43 Same FALSE TRUE FALSE TRUE 2 0.232 0.248
44 Same FALSE TRUE FALSE FALSE 2 0.223 0.235
45 Same FALSE FALSE TRUE TRUE 2 0.337 0.333
46 Same FALSE FALSE TRUE FALSE 2 0.338 0.334
47 Same FALSE FALSE FALSE TRUE 2 0.295 0.298
48 Same FALSE FALSE FALSE FALSE 2 0.234 0.205
49 Similar TRUE TRUE TRUE TRUE 2 0.560 0.373
50 Similar TRUE TRUE TRUE FALSE 2 0.458 0.294
51 Similar TRUE TRUE FALSE TRUE 2 0.235 0.218
52 Similar TRUE TRUE FALSE FALSE 2 0.240 0.228
53 Similar TRUE FALSE TRUE TRUE 2 0.378 0.349
54 Similar TRUE FALSE TRUE FALSE 2 0.298 0.296
55 Similar TRUE FALSE FALSE TRUE 2 0.228 0.226
56 Similar TRUE FALSE FALSE FALSE 2 0.192 0.183
57 Similar FALSE TRUE TRUE TRUE 2 0.328 0.315
58 Similar FALSE TRUE TRUE FALSE 2 0.291 0.310
59 Similar FALSE TRUE FALSE TRUE 2 0.227 0.219
60 Similar FALSE TRUE FALSE FALSE 2 0.218 0.227
61 Similar FALSE FALSE TRUE TRUE 2 0.343 0.323
62 Similar FALSE FALSE TRUE FALSE 2 0.303 0.290
63 Similar FALSE FALSE FALSE TRUE 2 0.252 0.247
64 Similar FALSE FALSE FALSE FALSE 2 0.233 0.261
65 Same TRUE TRUE TRUE TRUE 4 0.398 0.282
66 Same TRUE TRUE TRUE FALSE 4 0.360 0.253
67 Same TRUE TRUE FALSE TRUE 4 0.142 0.131
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68 Same TRUE TRUE FALSE FALSE 4 0.076 0.089
69 Same TRUE FALSE TRUE TRUE 4 0.216 0.208
70 Same TRUE FALSE TRUE FALSE 4 0.190 0.166
71 Same TRUE FALSE FALSE TRUE 4 0.049 0.041
72 Same TRUE FALSE FALSE FALSE 4 0.049 0.057
73 Same FALSE TRUE TRUE TRUE 4 0.214 0.227
74 Same FALSE TRUE TRUE FALSE 4 0.138 0.139
75 Same FALSE TRUE FALSE TRUE 4 0.136 0.129
76 Same FALSE TRUE FALSE FALSE 4 0.105 0.110
77 Same FALSE FALSE TRUE TRUE 4 0.240 0.234
78 Same FALSE FALSE TRUE FALSE 4 0.150 0.148
79 Same FALSE FALSE FALSE TRUE 4 0.034 0.029
80 Same FALSE FALSE FALSE FALSE 4 0.041 0.050
81 Similar TRUE TRUE TRUE TRUE 4 0.448 0.286
82 Similar TRUE TRUE TRUE FALSE 4 0.314 0.207
83 Similar TRUE TRUE FALSE TRUE 4 0.119 0.101
84 Similar TRUE TRUE FALSE FALSE 4 0.079 0.074
85 Similar TRUE FALSE TRUE TRUE 4 0.221 0.216
86 Similar TRUE FALSE TRUE FALSE 4 0.152 0.145
87 Similar TRUE FALSE FALSE TRUE 4 0.030 0.028
88 Similar TRUE FALSE FALSE FALSE 4 0.028 0.030
89 Similar FALSE TRUE TRUE TRUE 4 0.202 0.204
90 Similar FALSE TRUE TRUE FALSE 4 0.111 0.113
91 Similar FALSE TRUE FALSE TRUE 4 0.122 0.129
92 Similar FALSE TRUE FALSE FALSE 4 0.122 0.123
93 Similar FALSE FALSE TRUE TRUE 4 0.191 0.217
94 Similar FALSE FALSE TRUE FALSE 4 0.167 0.165
95 Similar FALSE FALSE FALSE TRUE 4 0.036 0.036
96 Similar FALSE FALSE FALSE FALSE 4 0.047 0.041
97 Same TRUE TRUE TRUE TRUE 8 0.245 0.208
98 Same TRUE TRUE TRUE FALSE 8 0.231 0.188
99 Same TRUE TRUE FALSE TRUE 8 0.057 0.060
100 Same TRUE TRUE FALSE FALSE 8 0.051 0.053
101 Same TRUE FALSE TRUE TRUE 8 0.149 0.116
102 Same TRUE FALSE TRUE FALSE 8 0.140 0.104
103 Same TRUE FALSE FALSE TRUE 8 0.016 0.015
104 Same TRUE FALSE FALSE FALSE 8 0.016 0.012
105 Same FALSE TRUE TRUE TRUE 8 0.152 0.150
106 Same FALSE TRUE TRUE FALSE 8 0.094 0.101
107 Same FALSE TRUE FALSE TRUE 8 0.038 0.036
108 Same FALSE TRUE FALSE FALSE 8 0.032 0.030
109 Same FALSE FALSE TRUE TRUE 8 0.092 0.086
110 Same FALSE FALSE TRUE FALSE 8 0.104 0.115
111 Same FALSE FALSE FALSE TRUE 8 0.013 0.014
112 Same FALSE FALSE FALSE FALSE 8 0.012 0.013
273
113 Similar TRUE TRUE TRUE TRUE 8 0.286 0.236
114 Similar TRUE TRUE TRUE FALSE 8 0.219 0.173
115 Similar TRUE TRUE FALSE TRUE 8 0.056 0.058
116 Similar TRUE TRUE FALSE FALSE 8 0.040 0.041
117 Similar TRUE FALSE TRUE TRUE 8 0.152 0.141
118 Similar TRUE FALSE TRUE FALSE 8 0.120 0.091
119 Similar TRUE FALSE FALSE TRUE 8 0.021 0.021
120 Similar TRUE FALSE FALSE FALSE 8 0.030 0.026
121 Similar FALSE TRUE TRUE TRUE 8 0.096 0.099
122 Similar FALSE TRUE TRUE FALSE 8 0.033 0.046
123 Similar FALSE TRUE FALSE TRUE 8 0.068 0.064
124 Similar FALSE TRUE FALSE FALSE 8 0.040 0.060
125 Similar FALSE FALSE TRUE TRUE 8 0.109 0.119
126 Similar FALSE FALSE TRUE FALSE 8 0.084 0.084
127 Similar FALSE FALSE FALSE TRUE 8 0.013 0.019
128 Similar FALSE FALSE FALSE FALSE 8 0.026 0.021
129 Same TRUE TRUE TRUE TRUE 16 0.152 0.146
130 Same TRUE TRUE TRUE FALSE 16 0.123 0.113
131 Same TRUE TRUE FALSE TRUE 16 0.011 0.011
132 Same TRUE TRUE FALSE FALSE 16 0.024 0.021
133 Same TRUE FALSE TRUE TRUE 16 0.059 0.054
134 Same TRUE FALSE TRUE FALSE 16 0.056 0.054
135 Same TRUE FALSE FALSE TRUE 16 0.008 0.008
136 Same TRUE FALSE FALSE FALSE 16 0.000 0.001
137 Same FALSE TRUE TRUE TRUE 16 0.060 0.060
138 Same FALSE TRUE TRUE FALSE 16 0.051 0.055
139 Same FALSE TRUE FALSE TRUE 16 0.023 0.022
140 Same FALSE TRUE FALSE FALSE 16 0.019 0.023
141 Same FALSE FALSE TRUE TRUE 16 0.096 0.100
142 Same FALSE FALSE TRUE FALSE 16 0.041 0.043
143 Same FALSE FALSE FALSE TRUE 16 0.004 0.006
144 Same FALSE FALSE FALSE FALSE 16 0.014 0.014
145 Similar TRUE TRUE TRUE TRUE 16 0.154 0.131
146 Similar TRUE TRUE TRUE FALSE 16 0.117 0.116
147 Similar TRUE TRUE FALSE TRUE 16 0.024 0.029
148 Similar TRUE TRUE FALSE FALSE 16 0.023 0.036
149 Similar TRUE FALSE TRUE TRUE 16 0.069 0.057
150 Similar TRUE FALSE TRUE FALSE 16 0.051 0.038
151 Similar TRUE FALSE FALSE TRUE 16 0.009 0.010
152 Similar TRUE FALSE FALSE FALSE 16 0.011 0.012
153 Similar FALSE TRUE TRUE TRUE 16 0.094 0.095
154 Similar FALSE TRUE TRUE FALSE 16 0.053 0.055
155 Similar FALSE TRUE FALSE TRUE 16 0.033 0.031
156 Similar FALSE TRUE FALSE FALSE 16 0.014 0.011
157 Similar FALSE FALSE TRUE TRUE 16 0.062 0.066
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158 Similar FALSE FALSE TRUE FALSE 16 0.036 0.030
159 Similar FALSE FALSE FALSE TRUE 16 0.010 0.009
160 Similar FALSE FALSE FALSE FALSE 16 0.014 0.014
Table D.1.2: Dialects are not well maintained in the absence of sexual selection. Annotations
are the same as in Table D.1.1. Females had 0% preference for songs that matched their template,
females had uniform dialects, and male songs initially matched female song templates (Same).
Par # Breed Tutor Vertical Dial Center Edge
1 TRUE TRUE TRUE 2 0.003 0.003
2 TRUE TRUE FALSE 2 0.114 0.119
3 TRUE FALSE TRUE 2 0.170 0.200
4 TRUE FALSE FALSE 2 0.178 0.170
5 FALSE TRUE TRUE 2 0.116 0.101
6 FALSE TRUE FALSE 2 0.125 0.117
7 FALSE FALSE TRUE 2 0.121 0.123
8 FALSE FALSE FALSE 2 0.112 0.118
9 TRUE TRUE TRUE 4 0.009 0.003
10 TRUE TRUE FALSE 4 0.059 0.061
11 TRUE FALSE TRUE 4 0.051 0.051
12 TRUE FALSE FALSE 4 0.056 0.062
13 FALSE TRUE TRUE 4 0.054 0.051
14 FALSE TRUE FALSE 4 0.063 0.074
15 FALSE FALSE TRUE 4 0.059 0.049
16 FALSE FALSE FALSE 4 0.051 0.050
Table D.1.3: Learning from reproductively successful tutors did not have a consistent effect
on the maintenance of regional dialects. Annotations are the same as in Table D.1.1. Females
had a uniform template, male songs initially matched female song templates (Same), and tutor
choice was socially informed.
Par # Breed Tutor Vertical Dialects Center Edge
1 TRUE TRUE TRUE 1 0.591 0.561
2 TRUE TRUE FALSE 1 0.537 0.606
3 TRUE FALSE TRUE 1 0.836 0.803
4 TRUE FALSE FALSE 1 0.568 0.569
5 FALSE TRUE TRUE 1 0.749 0.746
6 FALSE TRUE FALSE 1 0.548 0.549
7 FALSE FALSE TRUE 1 0.868 0.847
8 FALSE FALSE FALSE 1 0.615 0.620
9 TRUE TRUE TRUE 2 0.619 0.342
10 TRUE TRUE FALSE 2 0.248 0.304
11 TRUE FALSE TRUE 2 0.358 0.349
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12 TRUE FALSE FALSE 2 0.249 0.233
13 FALSE TRUE TRUE 2 0.398 0.399
14 FALSE TRUE FALSE 2 0.319 0.306
15 FALSE FALSE TRUE 2 0.344 0.342
16 FALSE FALSE FALSE 2 0.273 0.228
17 TRUE TRUE TRUE 4 0.449 0.295
18 TRUE TRUE FALSE 4 0.128 0.134
19 TRUE FALSE TRUE 4 0.205 0.205
20 TRUE FALSE FALSE 4 0.069 0.075
21 FALSE TRUE TRUE 4 0.156 0.161
22 FALSE TRUE FALSE 4 0.188 0.162
23 FALSE FALSE TRUE 4 0.245 0.230
24 FALSE FALSE FALSE 4 0.081 0.092
25 TRUE TRUE TRUE 8 0.281 0.274
26 TRUE TRUE FALSE 8 0.036 0.031
27 TRUE FALSE TRUE 8 0.168 0.126
28 TRUE FALSE FALSE 8 0.025 0.031
29 FALSE TRUE TRUE 8 0.133 0.137
30 FALSE TRUE FALSE 8 0.066 0.068
31 FALSE FALSE TRUE 8 0.088 0.086
32 FALSE FALSE FALSE 8 0.023 0.036
33 TRUE TRUE TRUE 16 0.146 0.125
34 TRUE TRUE FALSE 16 0.033 0.031
35 TRUE FALSE TRUE 16 0.050 0.040
36 TRUE FALSE FALSE 16 0.010 0.008
37 FALSE TRUE TRUE 16 0.073 0.067
38 FALSE TRUE FALSE 16 0.018 0.015
39 FALSE FALSE TRUE 16 0.057 0.061
40 FALSE FALSE FALSE 16 0.017 0.015
Table D.1.4: Socially uninformed tutor choice using the Add strategy led to the loss of all
dialects. Annotations are the same as in Table D.1.1. Social is whether learners were more likely
to choose tutors that had bred in the last time step. Females had a uniform template, male songs
initially matched female song templates (Same), and vertical learning was disabled.
par # Breed Tutor Social Dialects Center Edge
1 TRUE TRUE TRUE 1 0.244 0.240
2 TRUE TRUE FALSE 1 0.000 0.000
3 TRUE FALSE TRUE 1 0.267 0.225
4 TRUE FALSE FALSE 1 0.002 0.003
5 FALSE TRUE TRUE 1 0.279 0.270
6 FALSE TRUE FALSE 1 0.006 0.003
7 FALSE FALSE TRUE 1 0.298 0.332
8 FALSE FALSE FALSE 1 0.002 0.001
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9 TRUE TRUE TRUE 2 0.193 0.154
10 TRUE TRUE FALSE 2 0.000 0.003
11 TRUE FALSE TRUE 2 0.167 0.146
12 TRUE FALSE FALSE 2 0.000 0.002
13 FALSE TRUE TRUE 2 0.249 0.138
14 FALSE TRUE FALSE 2 0.001 0.003
15 FALSE FALSE TRUE 2 0.182 0.171
16 FALSE FALSE FALSE 2 0.001 0.000
17 TRUE TRUE TRUE 4 0.148 0.132
18 TRUE TRUE FALSE 4 0.002 0.003
19 TRUE FALSE TRUE 4 0.101 0.093
20 TRUE FALSE FALSE 4 0.001 0.002
21 FALSE TRUE TRUE 4 0.218 0.120
22 FALSE TRUE FALSE 4 0.000 0.008
23 FALSE FALSE TRUE 4 0.120 0.100
24 FALSE FALSE FALSE 4 0.000 0.001
25 TRUE TRUE TRUE 8 0.103 0.084
26 TRUE TRUE FALSE 8 0.000 0.001
27 TRUE FALSE TRUE 8 0.007 0.006
28 TRUE FALSE FALSE 8 0.004 0.003
29 FALSE TRUE TRUE 8 0.138 0.100
30 FALSE TRUE FALSE 8 0.002 0.003
31 FALSE FALSE TRUE 8 0.066 0.068
32 FALSE FALSE FALSE 8 0.002 0.001
33 TRUE TRUE TRUE 16 0.066 0.050
34 TRUE TRUE FALSE 16 0.003 0.003
35 TRUE FALSE TRUE 16 0.001 0.001
36 TRUE FALSE FALSE 16 0.001 0.001
37 FALSE TRUE TRUE 16 0.096 0.075
38 FALSE TRUE FALSE 16 0.000 0.002
39 FALSE FALSE TRUE 16 0.017 0.014
40 FALSE FALSE FALSE 16 0.002 0.002
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Table D.1.5: Using one-syllable songs led to higher template-matching accuracy, but did
not change any evolutionary dynamics. Annotations are the same as in Table D.1.1. Females
had a uniform template, male songs initially matched female song templates (Same), and socially
informed tutor choice was disabled.
Breed Tutor Vertical Dialects Center Edge
1 TRUE TRUE TRUE 1 0.900 0.915
2 TRUE TRUE FALSE 1 0.560 0.535
3 TRUE FALSE TRUE 1 0.920 0.920
4 TRUE FALSE FALSE 1 0.600 0.625
5 FALSE TRUE TRUE 1 0.915 0.915
6 FALSE TRUE FALSE 1 0.555 0.550
7 FALSE FALSE TRUE 1 0.935 0.925
8 FALSE FALSE FALSE 1 0.510 0.630
9 TRUE TRUE TRUE 2 0.890 0.530
10 TRUE TRUE FALSE 2 0.395 0.360
11 TRUE FALSE TRUE 2 0.665 0.470
12 TRUE FALSE FALSE 2 0.230 0.205
13 FALSE TRUE TRUE 2 0.335 0.345
14 FALSE TRUE FALSE 2 0.260 0.335
15 FALSE FALSE TRUE 2 0.355 0.365
16 FALSE FALSE FALSE 2 0.305 0.310
17 TRUE TRUE TRUE 4 0.785 0.495
18 TRUE TRUE FALSE 4 0.150 0.110
19 TRUE FALSE TRUE 4 0.595 0.375
20 TRUE FALSE FALSE 4 0.075 0.070
21 FALSE TRUE TRUE 4 0.215 0.215
22 FALSE TRUE FALSE 4 0.110 0.125
23 FALSE FALSE TRUE 4 0.275 0.315
24 FALSE FALSE FALSE 4 0.155 0.130
Table D.1.6: Changing the matrix shape had little effect on dialect maintenance. Annotations
are the same as in Table D.1.1. Dim is the dimensions of the matrix. Females had a uniform
template and male songs initially matched female song templates (Same).
Par # Breed Tutor Vertical Dim Dialects Corner Far Corner
1 TRUE TRUE TRUE 4x100 2 0.490 0.283
2 TRUE TRUE TRUE 5x80 2 0.495 0.312
3 TRUE TRUE TRUE 10x40 2 0.558 0.318
4 TRUE TRUE TRUE 20x20 2 0.526 0.378
5 TRUE TRUE FALSE 4x100 2 0.270 0.192
6 TRUE TRUE FALSE 5x80 2 0.289 0.233
7 TRUE TRUE FALSE 10x40 2 0.286 0.275
8 TRUE TRUE FALSE 20x20 2 0.305 0.264
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9 TRUE FALSE TRUE 4x100 2 0.362 0.324
10 TRUE FALSE TRUE 5x80 2 0.375 0.348
11 TRUE FALSE TRUE 10x40 2 0.360 0.329
12 TRUE FALSE TRUE 20x20 2 0.372 0.355
13 TRUE FALSE FALSE 4x100 2 0.256 0.249
14 TRUE FALSE FALSE 5x80 2 0.262 0.238
15 TRUE FALSE FALSE 10x40 2 0.219 0.275
16 TRUE FALSE FALSE 20x20 2 0.296 0.271
17 FALSE TRUE TRUE 4x100 2 0.348 0.350
18 FALSE TRUE TRUE 5x80 2 0.316 0.315
19 FALSE TRUE TRUE 10x40 2 0.366 0.355
20 FALSE TRUE TRUE 20x20 2 0.391 0.356
21 FALSE TRUE FALSE 4x100 2 0.328 0.236
22 FALSE TRUE FALSE 5x80 2 0.284 0.259
23 FALSE TRUE FALSE 10x40 2 0.275 0.241
24 FALSE TRUE FALSE 20x20 2 0.293 0.261
25 FALSE FALSE TRUE 4x100 2 0.364 0.375
26 FALSE FALSE TRUE 5x80 2 0.355 0.371
27 FALSE FALSE TRUE 10x40 2 0.341 0.373
28 FALSE FALSE TRUE 20x20 2 0.384 0.370
29 FALSE FALSE FALSE 4x100 2 0.239 0.246
30 FALSE FALSE FALSE 5x80 2 0.241 0.231
31 FALSE FALSE FALSE 10x40 2 0.260 0.278
32 FALSE FALSE FALSE 20x20 2 0.287 0.293
33 TRUE TRUE TRUE 4x100 4 0.444 0.303
34 TRUE TRUE TRUE 5x80 4 0.436 0.281
35 TRUE TRUE TRUE 10x40 4 0.437 0.303
36 TRUE TRUE TRUE 20x20 4 0.376 0.311
37 TRUE TRUE FALSE 4x100 4 0.129 0.111
38 TRUE TRUE FALSE 5x80 4 0.148 0.134
39 TRUE TRUE FALSE 10x40 4 0.119 0.140
40 TRUE TRUE FALSE 20x20 4 0.100 0.101
41 TRUE FALSE TRUE 4x100 4 0.205 0.206
42 TRUE FALSE TRUE 5x80 4 0.211 0.212
43 TRUE FALSE TRUE 10x40 4 0.211 0.201
44 TRUE FALSE TRUE 20x20 4 0.220 0.215
45 TRUE FALSE FALSE 4x100 4 0.042 0.037
46 TRUE FALSE FALSE 5x80 4 0.059 0.065
47 TRUE FALSE FALSE 10x40 4 0.075 0.078
48 TRUE FALSE FALSE 20x20 4 0.025 0.030
49 FALSE TRUE TRUE 4x100 4 0.281 0.262
50 FALSE TRUE TRUE 5x80 4 0.248 0.256
51 FALSE TRUE TRUE 10x40 4 0.219 0.213
52 FALSE TRUE TRUE 20x20 4 0.190 0.182
53 FALSE TRUE FALSE 4x100 4 0.162 0.149
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54 FALSE TRUE FALSE 5x80 4 0.157 0.135
55 FALSE TRUE FALSE 10x40 4 0.121 0.140
56 FALSE TRUE FALSE 20x20 4 0.118 0.101
57 FALSE FALSE TRUE 4x100 4 0.192 0.193
58 FALSE FALSE TRUE 5x80 4 0.212 0.201
59 FALSE FALSE TRUE 10x40 4 0.218 0.213
60 FALSE FALSE TRUE 20x20 4 0.209 0.189
61 FALSE FALSE FALSE 4x100 4 0.063 0.059
62 FALSE FALSE FALSE 5x80 4 0.040 0.037
63 FALSE FALSE FALSE 10x40 4 0.041 0.044
64 FALSE FALSE FALSE 20x20 4 0.041 0.035
Table D.1.7: Increasing the matrix size led to higher template-matching accuracy. Annota-
tions are the same as in Table D.1.1. The first three rows of Par # refer to the parameter sets in
Table D.1.1. Dim is the dimensions of the matrix. Females had a uniform template, male songs
initially matched female song templates (Same), vertical learning was enabled, tutor choice was
local, and there was high nest site fidelity.
Par # Dialects Dim Center Edge
1 1 20x20 0.583 0.570
49 2 20x20 0.534 0.338
97 4 20x20 0.398 0.282
11 2 20x40 0.533 0.308
2 4 40x40 0.601 0.308
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D.2 Establishment
Table D.2.1: Dialects establish when there is high nest site fidelity and vertical learning.
Annotations are the same as in Table D.1.1. Corner is a measurement of the template-matching
accuracy at the outside corner of regional dialect 1. Far Corner is a measurement of the template-
matching accuracy at the outside corner of the final regional dialect in the matrix. Asterisks (*)
denote cases where the final regional dialect achieved at least 5% template-matching accuracy.
Par # Breed Tutor Vertical Uniform Dialects Corner Far Corner
1 TRUE TRUE TRUE TRUE 2 0.498 0.437*
2 TRUE TRUE TRUE FALSE 2 0.411 0.334*
3 TRUE TRUE FALSE TRUE 2 0.498 0
4 TRUE TRUE FALSE FALSE 2 0.432 0
5 TRUE FALSE TRUE TRUE 2 0.555 0.225*
6 TRUE FALSE TRUE FALSE 2 0.467 0.165*
7 TRUE FALSE FALSE TRUE 2 0.425 0.001
8 TRUE FALSE FALSE FALSE 2 0.533 0
9 FALSE TRUE TRUE TRUE 2 0.595 0.007
10 FALSE TRUE TRUE FALSE 2 0.582 0
11 FALSE TRUE FALSE TRUE 2 0.482 0
12 FALSE TRUE FALSE FALSE 2 0.423 0
13 FALSE FALSE TRUE TRUE 2 0.695 0
14 FALSE FALSE TRUE FALSE 2 0.604 0
15 FALSE FALSE FALSE TRUE 2 0.478 0
16 FALSE FALSE FALSE FALSE 2 0.497 0.001
17 TRUE TRUE TRUE TRUE 4 0.442 0.326*
18 TRUE TRUE TRUE FALSE 4 0.346 0.269*
19 TRUE TRUE FALSE TRUE 4 0.366 0
20 TRUE TRUE FALSE FALSE 4 0.341 0
21 TRUE FALSE TRUE TRUE 4 0.283 0.198*
22 TRUE FALSE TRUE FALSE 4 0.234 0.129*
23 TRUE FALSE FALSE TRUE 4 0.473 0
24 TRUE FALSE FALSE FALSE 4 0.437 0
25 FALSE TRUE TRUE TRUE 4 0.616 0
26 FALSE TRUE TRUE FALSE 4 0.563 0.003
27 FALSE TRUE FALSE TRUE 4 0.368 0
28 FALSE TRUE FALSE FALSE 4 0.430 0
29 FALSE FALSE TRUE TRUE 4 0.648 0
30 FALSE FALSE TRUE FALSE 4 0.555 0.001
31 FALSE FALSE FALSE TRUE 4 0.421 0
32 FALSE FALSE FALSE FALSE 4 0.471 0
33 TRUE TRUE TRUE TRUE 8 0.258 0.226*
34 TRUE TRUE TRUE FALSE 8 0.193 0.195*
35 TRUE TRUE FALSE TRUE 8 0.293 0
36 TRUE TRUE FALSE FALSE 8 0.230 0
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37 TRUE FALSE TRUE TRUE 8 0.154 0.112*
38 TRUE FALSE TRUE FALSE 8 0.111 0.103*
39 TRUE FALSE FALSE TRUE 8 0.335 0
40 TRUE FALSE FALSE FALSE 8 0.339 0
41 FALSE TRUE TRUE TRUE 8 0.518 0.015
42 FALSE TRUE TRUE FALSE 8 0.347 0.022
43 FALSE TRUE FALSE TRUE 8 0.292 0.002
44 FALSE TRUE FALSE FALSE 8 0.273 0
45 FALSE FALSE TRUE TRUE 8 0.649 0.011
46 FALSE FALSE TRUE FALSE 8 0.479 0.007
47 FALSE FALSE FALSE TRUE 8 0.402 0
48 FALSE FALSE FALSE FALSE 8 0.413 0
49 TRUE TRUE TRUE TRUE 16 0.150 0.133*
50 TRUE TRUE TRUE FALSE 16 0.127 0.097*
51 TRUE TRUE FALSE TRUE 16 0.210 0
52 TRUE TRUE FALSE FALSE 16 0.197 0
53 TRUE FALSE TRUE TRUE 16 0.113 0.073*
54 TRUE FALSE TRUE FALSE 16 0.110 0.045
55 TRUE FALSE FALSE TRUE 16 0.344 0
56 TRUE FALSE FALSE FALSE 16 0.339 0
57 FALSE TRUE TRUE TRUE 16 0.341 0.027
58 FALSE TRUE TRUE FALSE 16 0.230 0.032
59 FALSE TRUE FALSE TRUE 16 0.192 0
60 FALSE TRUE FALSE FALSE 16 0.150 0.001
61 FALSE FALSE TRUE TRUE 16 0.454 0.008
62 FALSE FALSE TRUE FALSE 16 0.333 0.012
63 FALSE FALSE FALSE TRUE 16 0.318 0
64 FALSE FALSE FALSE FALSE 16 0.237 0
Table D.2.2: Learning from reproductively successful tutors using the Conformity strategy
was not sufficient to establish regional dialects. Annotations are the same as in Tables D.1.1
and D.2.1. Females had a uniform template and vertical learning was disabled.
Par # Breed Tutor Dialects Corner Far Corner
1 TRUE TRUE 2 0.524 0
2 TRUE FALSE 2 0.478 0
3 FALSE TRUE 2 0.597 0
4 FALSE FALSE 2 0.535 0
5 TRUE TRUE 4 0.353 0.004
6 TRUE FALSE 4 0.478 0.001
7 FALSE TRUE 4 0.424 0
8 FALSE FALSE 4 0.508 0
9 TRUE TRUE 8 0.321 0.006
10 TRUE FALSE 8 0.353 0
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11 FALSE TRUE 8 0.299 0.011
12 FALSE FALSE 8 0.414 0
13 TRUE TRUE 16 0.265 0
14 TRUE FALSE 16 0.359 0
15 FALSE TRUE 16 0.172 0.003
16 FALSE FALSE 16 0.367 0
Table D.2.3: Learning from reproductively successful tutors using the Add strategy was suf-
ficient to establish regional dialects. Annotations are the same as in Tables D.1.1 and D.2.1.
Social is whether learners were more likely to choose tutors that had bred in the last time step.
Females had a uniform template and vertical learning was disabled.
Par # Breed Tutor Social Dialects Corner Far Corner
1 TRUE TRUE TRUE 2 0.161 0.165*
2 TRUE TRUE FALSE 2 0.000 0.001
3 TRUE FALSE TRUE 2 0.135 0.174*
4 TRUE FALSE FALSE 2 0.003 0
5 FALSE TRUE TRUE 2 0.201 0.173*
6 FALSE TRUE FALSE 2 0.000 0.001
7 FALSE FALSE TRUE 2 0.188 0.177*
8 FALSE FALSE FALSE 2 0.007 0.002
9 TRUE TRUE TRUE 4 0.100 0.128*
10 TRUE TRUE FALSE 4 0.002 0
11 TRUE FALSE TRUE 4 0.077 0.068*
12 TRUE FALSE FALSE 4 0.004 0
13 FALSE TRUE TRUE 4 0.197 0.162*
14 FALSE TRUE FALSE 4 0.004 0.001
15 FALSE FALSE TRUE 4 0.138 0.094*
16 FALSE FALSE FALSE 4 0.006 0
17 TRUE TRUE TRUE 8 0.112 0.09*
18 TRUE TRUE FALSE 8 0.002 0
19 TRUE FALSE TRUE 8 0.005 0.006
20 TRUE FALSE FALSE 8 0.002 0.004
21 FALSE TRUE TRUE 8 0.141 0.116*
22 FALSE TRUE FALSE 8 0.001 0.003
23 FALSE FALSE TRUE 8 0.067 0.059*
24 FALSE FALSE FALSE 8 0.001 0.006
25 TRUE TRUE TRUE 16 0.042 0.049
26 TRUE TRUE FALSE 16 0.000 0.001
27 TRUE FALSE TRUE 16 0.001 0.004
28 TRUE FALSE FALSE 16 0.001 0.003
29 FALSE TRUE TRUE 16 0.098 0.082*
30 FALSE TRUE FALSE 16 0.003 0
31 FALSE FALSE TRUE 16 0.015 0.02
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32 FALSE FALSE FALSE 16 0.004 0.002
Table D.2.4: Using one-syllable did not affect average dialect establishment. Annotations are
the same as in Table D.1.1. Females had a uniform template and socially informed tutor choice
was disabled.
Par # Breed Tutor Vertical Dialects Corner Far Corner
1 TRUE TRUE TRUE 2 0.907 0.26*
2 TRUE TRUE FALSE 2 0.527 0
3 TRUE FALSE TRUE 2 0.787 0.107*
4 TRUE FALSE FALSE 2 0.487 0
5 FALSE TRUE TRUE 2 0.913 0
6 FALSE TRUE FALSE 2 0.567 0
7 FALSE FALSE TRUE 2 0.907 0
8 FALSE FALSE FALSE 2 0.547 0
9 TRUE TRUE TRUE 4 0.780 0.14*
10 TRUE TRUE FALSE 4 0.540 0
11 TRUE FALSE TRUE 4 0.553 0.073*
12 TRUE FALSE FALSE 4 0.553 0
13 FALSE TRUE TRUE 4 0.907 0
14 FALSE TRUE FALSE 4 0.520 0
15 FALSE FALSE TRUE 4 0.933 0
16 FALSE FALSE FALSE 4 0.593 0
Table D.2.5: Changing the matrix shape had little effect on dialect establishment. Annotations
are the same as in Tables D.1.1 and D.2.1. Dim is the dimensions of the matrix. Females had a
uniform template.
Par # Breed Tutor Vertical Dim Dialects Corner Far Corner
1 TRUE TRUE TRUE 4x100 2 0.392 0.37*
2 TRUE TRUE TRUE 5x80 2 0.499 0.416*
3 TRUE TRUE TRUE 10x40 2 0.500 0.386*
4 TRUE TRUE TRUE 20x20 2 0.512 0.416*
5 TRUE TRUE FALSE 4x100 2 0.304 0
6 TRUE TRUE FALSE 5x80 2 0.348 0.001
7 TRUE TRUE FALSE 10x40 2 0.403 0
8 TRUE TRUE FALSE 20x20 2 0.451 0
9 TRUE FALSE TRUE 4x100 2 0.568 0.157*
10 TRUE FALSE TRUE 5x80 2 0.566 0.21*
11 TRUE FALSE TRUE 10x40 2 0.558 0.205*
12 TRUE FALSE TRUE 20x20 2 0.559 0.178*
13 TRUE FALSE FALSE 4x100 2 0.405 0.001
14 TRUE FALSE FALSE 5x80 2 0.523 0.001
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15 TRUE FALSE FALSE 10x40 2 0.431 0
16 TRUE FALSE FALSE 20x20 2 0.524 0
17 FALSE TRUE TRUE 4x100 2 0.635 0.001
18 FALSE TRUE TRUE 5x80 2 0.636 0
19 FALSE TRUE TRUE 10x40 2 0.628 0.001
20 FALSE TRUE TRUE 20x20 2 0.637 0.001
21 FALSE TRUE FALSE 4x100 2 0.422 0
22 FALSE TRUE FALSE 5x80 2 0.448 0
23 FALSE TRUE FALSE 10x40 2 0.491 0
24 FALSE TRUE FALSE 20x20 2 0.446 0
25 FALSE FALSE TRUE 4x100 2 0.685 0
26 FALSE FALSE TRUE 5x80 2 0.676 0.003
27 FALSE FALSE TRUE 10x40 2 0.699 0.001
28 FALSE FALSE TRUE 20x20 2 0.679 0
29 FALSE FALSE FALSE 4x100 2 0.527 0
30 FALSE FALSE FALSE 5x80 2 0.480 0
31 FALSE FALSE FALSE 10x40 2 0.444 0
32 FALSE FALSE FALSE 20x20 2 0.497 0
33 TRUE TRUE TRUE 4x100 4 0.416 0.164*
34 TRUE TRUE TRUE 5x80 4 0.403 0.213*
35 TRUE TRUE TRUE 10x40 4 0.434 0.295*
36 TRUE TRUE TRUE 20x20 4 0.484 0.306*
37 TRUE TRUE FALSE 4x100 4 0.277 0
38 TRUE TRUE FALSE 5x80 4 0.320 0
39 TRUE TRUE FALSE 10x40 4 0.402 0
40 TRUE TRUE FALSE 20x20 4 0.366 0
41 TRUE FALSE TRUE 4x100 4 0.328 0.178*
42 TRUE FALSE TRUE 5x80 4 0.305 0.149*
43 TRUE FALSE TRUE 10x40 4 0.312 0.192*
44 TRUE FALSE TRUE 20x20 4 0.313 0.185*
45 TRUE FALSE FALSE 4x100 4 0.379 0
46 TRUE FALSE FALSE 5x80 4 0.382 0
47 TRUE FALSE FALSE 10x40 4 0.339 0
48 TRUE FALSE FALSE 20x20 4 0.387 0
49 FALSE TRUE TRUE 4x100 4 0.611 0.003
50 FALSE TRUE TRUE 5x80 4 0.606 0.004
51 FALSE TRUE TRUE 10x40 4 0.593 0.004
52 FALSE TRUE TRUE 20x20 4 0.608 0
53 FALSE TRUE FALSE 4x100 4 0.280 0
54 FALSE TRUE FALSE 5x80 4 0.361 0
55 FALSE TRUE FALSE 10x40 4 0.418 0
56 FALSE TRUE FALSE 20x20 4 0.474 0
57 FALSE FALSE TRUE 4x100 4 0.660 0.004
58 FALSE FALSE TRUE 5x80 4 0.664 0.001
59 FALSE FALSE TRUE 10x40 4 0.646 0.006
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60 FALSE FALSE TRUE 20x20 4 0.644 0
61 FALSE FALSE FALSE 4x100 4 0.538 0
62 FALSE FALSE FALSE 5x80 4 0.471 0
63 FALSE FALSE FALSE 10x40 4 0.449 0
64 FALSE FALSE FALSE 20x20 4 0.566 0
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APPENDIX E
Quantifying syllable repertoires
E.1 Quantification
For Chapter 2, we determined estimates for Carpodacus mexicanus (Table E.1.1) and Wilso-
nia canadensis (Table E.1.2) using recordings obtained from xeno-canto111. Average species
syllable repertoire size could not be estimated for Saxicola caprata or Phylloscopus trochiloides
(Figures E.1.1 and E.1.2), so these species were not included in the species syllable repertoire
dataset. In the case of Saxicola caprata, only a small number of short recordings were available,
and many new syllables were still being discovered by the end of the recording. We searched the
Macaulay Library at the Cornell Lab of Ornithology’s recording database284 for additional songs,
but they were not longer than the recordings on xeno-canto.org. Phylloscopus trochiloides is a pro-
posed ring species with very different syllable and song types between regions157. We did know
the region that each measurement was associated with (India, Siberia, or Kyrgyzstan), but only one
or two usable recordings were available for each region, and new syllables were still being discov-
ered at the end of these short recordings. We searched for additional recordings in the Macaulay
Library database, but did not find longer recordings in the geographic regions of interest.
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Table E.1.1: Syllable repertoire estimates for House Finch (Carpodacus mexicanus). (top
table) XC ID is the xeno-canto ID number for each recording. The first half of the table shows
when a percentage of the discovered unique syllables was found in regards to the number of bouts
analyzed, while the second half shows the percentage of unique syllables discovered over time
in seconds. Analyzed recordings were all at least two minutes long. In most cases, the half of
the syllable repertoire was revealed in the first few bouts with the majority revealed before bout
12. These estimates were similar to those in Tracy and Baker 1999 [77] (bottom table), so we
felt confident that they had defined “syllable types” per bird similarly to how we defined “unique
syllables” per bird, and we combined the two datasets to get a final mean of 41.3 unique syllables
per bird.
bouts 50% 90% full Length 50% 90% full syl
XC ID analyzed rep rep rep (s) rep rep rep rep
XC320727 17 1 7 11 124 4 48 73 29
XC268463 27 2 14 20 260 10 82 178 31
XC268458 24 2 6 14 190 9 36 95 33
XC353018 40 8 23 32 136 30 57 102 34
XC219331 20 3 11 12 167 15 69 78 35
XC179232 25 1 5 6 197 5 34 44 37
XC268457 18 2 11 11 139 9 82 84 44
XC268465 45 3 6 10 222 13 23 41 44
XC73494 19 3 10 11 178 12 71 74 49
XC268464 49 3 11 25 300 10 45 89 52
Average: 38.8 Unique syllables
Note: bout length varies widely within and between individuals
Syllable Repertoires from Tracy and Baker 1999 [77]:
31 30 31 72 64
45 38 41 34 35
58 43 40
Average: 43.23 Unique syllables
Combined Average: 41.3 Unique syllables
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Table E.1.2: Syllable repertoire estimates for Canada Warbler (Wilsonia canadensis). XC ID
is the xeno-canto ID number for each recording. The first half of the table shows when a percentage
of the discovered unique syllables was found in regards to the number of bouts analyzed, while the
second half shows the percentage of unique syllables discovered over time in seconds. Analyzed
recordings were all at least two minutes long. In most cases, half of the syllable repertoire was
revealed in the first few bouts. The majority of the syllable repertoire was usually revealed by the
fifth bout and well before the end of the recordings. The final mean used in this study was 17.43
unique syllables per bird.
bouts 50% 90% full Length 50% 90% full syl
XC ID analyzed rep rep rep (s) rep rep rep rep
XC51468 13 1 1 1 168 5 5 5 9
XC189300 27 1 3 3 324 2 27 27 11
XC179679 29 3 9 13 225 11 44 66 18
XC371402 22 1 5 10 174 3 34 72 14
XC294137 14 2 2 10 155 18 18 79 19
XC189302 39 2 4 9 239 8 19 36 25
XC370937 38 1 3 6 260 4 13 41 26
Average: 17.43 Unique syllables
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Figure E.1.1: Syllable repertoire estimates of Pied Bush Chat (Saxicola caprata) for rarefac-
tion curves. Recordings ranged from only 40 seconds to 2.5 minutes; however, even in the longer
recordings, new syllables were still being encountered in the last 30 seconds of recording. Based
on this evidence, we were not convinced that we had complete repertoire data for individuals of
this species and thus did not include it in the syllable repertoire size dataset.
Figure E.1.2: Syllable repertoire estimates of Greenish Warbler (Phylloscopus trochiloides)
for rarefaction curves. Green line is the recording for Kyrgyzstan, blue lines are Russian record-
ings, and purple lines are Indian recordings. Curves suggest that the recordings were not long
enough to capture the full repertoire. While the longest recording (Kyrgyzstan) was ∼2.5 min-
utes, the remaining recordings were only 40-70 seconds, and the intervals between songs in these
recordings was often between 5-8 seconds. Based on this evidence, we were not convinced that
we had complete repertoire data for individuals of this species and thus did not include it in the
syllable repertoire size dataset.
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For Chapter 3, we estimated the repertoires of three additional species: for Philesturnus ru-
fusater, Jenkins188 coded songs into different types and gave the song repertoire types of each male
studied in Table 2 of that paper. Note that information from one male was missing from this table.
We deduced the repertoire of the missing male by first looking at Table 1 from that paper (Jenkins’
Table 1), which showed that 16 males had a repertoire size of one song. Only 15 of the males in
Jenkins’ Table 2 had a repertoire size of one song. Thus, the missing male had a repertoire size of
one song. We then compared the bands of males present in Jenkins’ Table 2 to the territory map
in Figure 7 of that paper, and A RW was the only male missing from Jenkins’s Table 2. A RW
was located in the DC region of Jenkins’s Figure 7, so we assigned that as his repertoire. Jenkins
notes that neighboring males share song types, so the only other song A RW could have known
instead of DC was ZZ, which has the same number of unique syllables as DC. We divided each
song type into unique syllables and counted the syllable repertoire for each male (Table E.1.3). For
Geospiza fortis Table E.1.4 and G. scandens Table E.1.5, we used recordings from the Macaulay
Library to estimate the syllable repertoire size and syllables per song. For G. fortis, we also used
the sonogram examples present in Grant and Grant27.
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Table E.1.3: Syllable repertoire for Philesturnus rufusater. Adapted from Jenkins 1977188
table 2 with new syllable repertoire and syllables per song data included. Syl Rep is the sum of
distinct syllables within each song, while Corrected is the number of unique syllables across the
full repertoire (note that SR and VPH shared one syllable). The mean of Corrected was used in our
paper. Syllables per song was calculated following the definition from our main methods. Asterisk
(*) marks the individual that was missing from table 2 in the original publication.
Song Type SR VPH CC PH KS DC ZZ SE
Syl\Song 3 2 3 3 2 1 1 4 Syl Rep Corrected Syll\Song
A 1 1 5 4 2.5♂Fern 1 1 5 4 2.5♂Knob 1 1 5 4 2.5
BR A 1 3 3 3
WA 1 3 3 3
A RB 1 3 3 3
AW 1 3 3 3
AG 1 3 3 3
A RY 1 3 3 3♂YW A 1 3 3 3
AT 1 1 6 6 3
YA 1 3 3 3
GW A 1 3 3 3
A RG 1 1 4 4 2
RA Y 1 3 3 3
YR AG 1 1 5 5 2.5
AR 1 1 3 3 1.5
Y AR 1 1 3 3 1.5
A WR 1 1 1 1
A GW 1 1 1 1
A 1 1 1 1♂H. Gully 1 1 5 5 2.5
G RA 1 1 5 5 2.5
AY GR 1 1 5 5 2.5
AY 1 1 5 5 2.5
B WA 1 4 4 4
Y AY 1 4 4 4
A RW* 1 1 1 1
Mean: 3.5 3.393 2.5
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Table E.1.4: Syllable repertoire of Geospiza fortis Recordings from the Macaulay Library (top
section of the table) and sonograms published in Grant and Grant27 (bottom section of the table)
were examined. The first column gives the Macaulay Library recording ID or the Grants’ sonogram
ID. The mean number of syllables we counted is at the bottom of the column 3. Because this
species has a song repertoire of one, the value for syllables per song was the same as the syllable
repertoire.
Geospiza fortis
ML Recordist Syllables
86782 Robert I. Bowman 1
86729 Robert I. Bowman 1
86728 Robert I. Bowman 2
86727 Robert I. Bowman 1
86726 Robert I. Bowman 1
86724 Robert I. Bowman 1
86723 Robert I. Bowman 1
86719 Robert I. Bowman 2
86718 Robert I. Bowman 1
86717 Robert I. Bowman 1
86716 Robert I. Bowman 2
86714 Robert I. Bowman 1
82869 Robert I. Bowman 2
82865 Robert I. Bowman 1
82863 Robert I. Bowman 1
82597 Robert I. Bowman 2
82595 Robert I. Bowman 1
82576 Robert I. Bowman 1
82575 Robert I. Bowman 1
82574 Robert I. Bowman 1
46372 Margery R. Plymire 1
Grant and Grant (1996) Recordist Syllables
2666 Grant and Grant 1
4446 Grant and Grant 1
10826 Grant and Grant 1
4339 Grant and Grant 1
5555 Grant and Grant 1
5921 Grant and Grant 1
13901 Grant and Grant 1
17835 Grant and Grant 1
3612 Grant and Grant 1
16805 Grant and Grant 1
17103 Grant and Grant 1
5505 Grant and Grant 1
17796 Grant and Grant 1
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5578 Grant and Grant 1
15236 Grant and Grant 1
15359 Grant and Grant 1
14963 Grant and Grant 1
10228 Grant and Grant 1
4946 Grant and Grant 1
4913 Grant and Grant 2
714 Grant and Grant 1
16167 Grant and Grant 2
5110 Grant and Grant 2
14687 Grant and Grant 1
5275 Grant and Grant 1
15514 Grant and Grant 1
A Grant and Grant 1
10081 Grant and Grant 1
2639 Grant and Grant 1
10211 Grant and Grant 1
10550 Grant and Grant 2
14720 Grant and Grant 1
4620 Grant and Grant 2
B Grant and Grant 2
Mean: 1.20
Table E.1.5: Syllable repertoire of Geospiza scadens. Recordings from the Macaulay Library
were examined. The first column gives the Macaulay Library recording ID. The mean number of
syllables we counted is at the bottom of the column 3. Because this species has a song repertoire
of one, the value for syllables per song was the same as the syllable repertoire.
Geospiza scandens
ML Recordist Syllables
133749351 Eric DeFonso 1
46235 Robert I. Bowman 1
46234 Robert I. Bowman 2
46233 Robert I. Bowman 2
46228 Robert I. Bowman 2
46224 Robert I. Bowman 2
46222 Robert I. Bowman 2
46220 Robert I. Bowman 1
49219 Robert I. Bowman 2
46218 Robert I. Bowman 1
46217 Robert I. Bowman 1
Mean: 1.54
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E.2 Xeno-canto file citations
Wilsonia canadensis
Andrew Spencer, XC51468. Accessible at www.xeno-canto.org/51468.
Martin St-Michel, XC294137. Accessible at www.xeno-canto.org/294137.
Matt Wistrand, XC370937. Accessible at www.xeno-canto.org/370937.
Matt Wistrand, XC371402. Accessible at www.xeno-canto.org/371402.
Paul J. Hurtado, XC179679. Accessible at www.xeno-canto.org/179679.
Richard E. Webster, XC189300. Accessible at www.xeno-canto.org/189300.
Richard E. Webster, XC189302. Accessible at www.xeno-canto.org/189302.
Carpodacus mexicanus
Ian Cruickshank, XC73494. Accessible at www.xeno-canto.org/73494.
Nick Komar, XC320727. Accessible at www.xeno-canto.org/320727.
Paul Marvin, XC219331. Accessible at www.xeno-canto.org/219331.
Richard E. Webster, XC268457. Accessible at www.xeno-canto.org/268457.
Richard E. Webster, XC268458. Accessible at www.xeno-canto.org/268458.
Richard E. Webster, XC268463. Accessible at www.xeno-canto.org/268463.
Richard E. Webster, XC268464. Accessible at www.xeno-canto.org/268464.
Richard E. Webster, XC268465. Accessible at www.xeno-canto.org/268465.
Richard E. Webster, XC353018. Accessible at www.xeno-canto.org/353018.
Thomas G. Graves, XC179232. Accessible at www.xeno-canto.org/179232.
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Saxicola caprata
Allen T. Chartier, XC31442. Accessible at www.xeno-canto.org/31442.
chiefredearth, XC265266. Accessible at www.xeno-canto.org/265266.
David Edwards, XC24586. Accessible at www.xeno-canto.org/24586.
Frank Lambert, XC88897. Accessible at www.xeno-canto.org/88897.
Mike Nelson, XC204612. Accessible at www.xeno-canto.org/204612.
Mike Nelson, XC240349. Accessible at www.xeno-canto.org/240349.
Peter Boesman, XC311490. Accessible at www.xeno-canto.org/311490.
Stuart Fisher, XC19405. Accessible at www.xeno-canto.org/19405.
Phylloscopus trochiloides
Allen T. Chartier, XC31572. Accessible at www.xeno-canto.org/31572.
Frank Lambert, XC88897. Accessible at www.xeno-canto.org/88897.
Lars Edenius, XC376516. Accessible at www.xeno-canto.org/376516.
Manuel Schweizer, XC329369. Accessible at www.xeno-canto.org/329369.
Timo Janhonen, XC118604. Accessible at www.xeno-canto.org/118604.
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